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SUMMARY
T h e  p u r p o s e  o f  t h i s  s t u d y  h a s  b e e n  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  
o f  d o p in g  g e rm a n iu m  u s i n g  t h e  t e c h n i q u e  o f  i o n  i m p l a n t a t i o n „
E le m e n t s  f r o m  g r o u p s  I l i a  a n d  V a  o f  t h e  p e r i o d i c  t a b l e  h a v e  b e e n  
u s e d  f o r  i m p l a n t a t i o n  -  n a m e ly ,  g a l l i u m ,  in d iu m ,  t h a l l i u m ,  a n t im o n y ,  
a n d  b is m u t h  -  t o g e t h e r  w i t h  som e " c o n t r o l "  i m p l a n t a t i o n s  w i t h  a r g o n  a n d  
c a r b o n , T h e  m a j o r i t y  o f  i m p l a n t a t i o n s  w e r e  c a r r i e d  o u t  a t  Y O k e V ,
T h e  R u t h e r f o r d  b a c k s c a t t e r i n g  a n d  c h a n n e l l i n g  t e c h n i q u e ,  u s i n g  M eV  
a l p h a  p a r t i c l e s ,  h a s  b e e n  a p p l i e d  t o  t h e  i m p l a n t s  t o  d e t e r m in e  t h e  g r o s s  
l a t t i c e  d a m a g e  a s  a  f u n c t i o n  o f  i m p l a n t a t i o n  d o s e  a n d  a n n e a l i n g  t e m p e r a t u r e , 
T h e  sam e t e c h n i q u e  h a s  b e e n  u s e d  t o  d e t e r m in e  t h e  p o s i t i o n  o f  t h e  
im p l a n t e d  a to m s  w i t h i n  t h e  r e - o r d e r e d  l a t t i c e  u n i t - c e l l  f o l l o w i n g  a n n e a l i n g „ 
T h e  e l e c t r i c a l  e f f e c t s  o f  t h e  r a d i a t i o n  d a m a g e  ( i n  t h e  c a s e  o f  
p - t y p e  d o p a n t s )  a n d  t h e  i m p l a n t e d  i o n s  h a v e  b e e n  d e t e r m in e d  u s i n g  t h e  
V a n  d e r  P au w  f o u r  p o i n t  p r o b e  t e c h n iq u e , ,
T h e  a n n e a l i n g  t e m p e r a t u r e  a t  w h ic h  i m p l a n t a t i o n  d a m a g e  d i s a p p e a r e d
l k  _ p
w a s  f o u n d  t o  b e  a  f u n c t i o n  o f  i o n  d o s e ,  f o r  i o n  d o s e s  u p  t o  10  i o n s »cm . 
F o r  h i g h e r  d o s e s  a n  a n n e a l i n g  t e m p e r a t u r e  o f  k 0 0 ° C  w a s  r e q u i r e d  t o  
r e s t o r e  l a t t i c e  o r d e r , T h e  e l e c t r i c a l  e f f e c t s  c a u s e d  b y  i o n  i m p l a n t a t i o n  
w e r e  d o m in a t e d  b y  r a d i a t i o n  d a m a g e  b e lo w  k 00° C  a n d  b y  t h e  im p l a n t e d  
d o p a n t s  a t  s l i g h t l y  h i g h e r  t e m p e r a t u r e s . T h e  e l e c t r i c a l  a c t i v i t y  o f  
t h e  im p l a n t e d  i o n  w a s  a l s o  r o u g h l y  p r o p o r t i o n a l  t o  d o s e ,  e x c e p t  a t  
h i g h  d o s e s ,  R u t h e r f o r d  b a c k s c a t t e r i n g  i n d i c a t e d  t h a t  t h e  im p l a n t e d  
i o n s  w e r e  m a i n l y  o n  s u b s t i t u t i o n a l  l a t t i c e  s i t e s ,  i n  t h e  r a n g e  k 5 0 ° 'C  
t o  6 0 0 ° C ,  w i t h  n o  s i g n i f i c a n t  i n t e r s t i t i a l  c o m p o n e n t .  A t  t e m p e r a t u r e s  
a b o v e  6 0 0 ° C ,  s i g n i f i c a n t  o u t d i f f u s i o n  w a s  o b s e r v e d .
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t h e  R u t h e r f o r d  b a c k s c a t t e r i n g  w o r k  a n d  a l s o  t o  M r  P  R  C  S t e v e n s  f o r  h i s  
c o n t i n u e d  g u id a n c e  a n d  e n c o u r a g e m e n t  a n d  s p e c i f i c a l l y  f o r  t h e  c o m p u t e r  
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C H A P T E R  I
INTRODUCTION
1 . 1  D E S C R I P T I O N  O F  IO N  IM P L A N T A T IO N
I o n  i m p l a n t a t i o n  i s  a  t e c h n i q u e  b y  w h ic h  a n y  d e s i r e d  f o r e i g n  a to m  
m ay b e  i n t r o d u c e d  i n t o  t h e  s u r f a c e  l a y e r s  o f  a  s o l i d  t a r g e t .  T h e  f o r e i g n  
a to m s  a r e  a t  f i r s t  i o n i z e d ,  t h e n  a c c e l e r a t e d  e l e c t r o s t a t i c a l l y  a n d  f i n a l l y  
a l l o w e d  t o  im p in g e  u p o n  t h e  t a r g e t  m a t e r i a l .  T y p i c a l  a c c e l e r a t i n g  
v o l t a g e s  r a n g e  f r o m  a  fe w  t e n s  o f  e l e c t r o n  v o l t s  u p  t o  s e v e r a l  m i l l i o n  
e l e c t r o n  v o l t s ,  t h u s  t h e  t y p i c a l  d e p t h  o f  p e n e t r a t i o n  v a r i e s  f r o m  a  fe w  
a n g s t r o m s  t o  s e v e r a l  m i c r o n s ,  d e p e n d in g  u p o n  t h e  i o n  e n e r g y  a n d  t h e  i o n -  
t a r g e t  c o m b i n a t i o n .
F o r  e a c h  i o n - t a r g e t  c o m b i n a t i o n  t h e r e  e x i s t s  a  c o r r e l a t i o n  b e tw e e n  
i o n  e n e r g y  a n d  t h e  a v e r a g e  d e p t h  o f  p e n e t r a t i o n ,  t h i s  l a t t e r  q u a n t i t y  i s  
c o m m o n ly  r e f e r r e d  t o  a s  t h e  r a n g e .  T h e  d i s t r i b u t i o n  o f  t h e  i m p l a n t e d  i o n s  
a b o u t  t h i s  m ean  r a n g e  i s  k n o w n  a s  t h e  s t r a g g l e  a n d  f o r  m o s t  c a s e s  o f  
i n t e r e s t  t a k e s  t h e  f o r m  o f  a  g a u s s i a n  d i s t r i b u t i o n .  B y  u s i n g  a  c a r e f u l  
c h o i c e  o f  i o n  e n e r g i e s  a n d  d o s e s ,  i t  i s  t h e o r e t i c a l l y  p o s s i b l e  t o  
p r o d u c e  m o s t  o f  t h e  i m p u r i t y  c o n c e n t r a t i o n  p r o f i l e s  t h a t  a r e  n o r m a l l y  
r e q u i r e d  w i t h i n  t h e  s u r f a c e  l a y e r s  o f  t h e  t a r g e t  m a t e r i a l .
T h e  s t r a i g h t f o r w a r d  i n t r o d u c t i o n  o f  i m p u r i t i e s  i n t o  a  s o l i d ,  i s  
u s u a l l y  t h e  m a in  o b j e c t i v e  o f  i o n  i m p l a n t a t i o n .  H o w e v e r ,  c e r t a i n  
a p p l i c a t i o n s  o f  t h e  t e c h n i q u e  u t i l i s e  o t h e r  p r o p e r t i e s  o f  io n - b o m b a r d m e n t ,  
s u c h  a s  t h e  r a d i a t i o n  d a m a g e  p r o d u c e d ,  o r  e v e n  t h e  c o n t r o l l e d  e r o s i o n  o f  
t h e  t a r g e t  m a t e r i a l  b y  m e a n s  o f  s p u t t e r i n g .
1 . 2  U S E S  O F  IO N  IM P L A N T A T IO N
M a n y  p h y s i c a l  p r o p e r t i e s  o f  m a t e r i a l s  a r e  a f f e c t e d  b y  t h e  p r e s e n c e  
o f  i m p u r i t y  a t o m s ,  n o t a b l y ,  e l e c t r i c a l ,  m a g n e t i c ,  o p t i c a l  a n d
_  1  -
s u p e r c o n d u c t i n g  p r o p e r t i e s  m ay  b e  d r a s t i c a l l y  a l t e r e d  b y  u s i n g  i o n  
i m p l a n t a t i o n  i n  a  c o n t r o l l e d  m a n n e r .  O n e  o f  t h e  m o s t  i m p o r t a n t  u s e s  o f  
i o n  i m p l a n t a t i o n  t o  d a t e ,  h a s  b e e n  t h e  m o d i f i c a t i o n  o f  t h e  e l e c t r i c a l  
p r o p e r t i e s  o f  s e m i c o n d u c t o r s ,  w i t h  t h e  o b j e c t i v e  o f  d e v i c e  p r o d u c t i o n .  
E l e c t r i c a l l y  a c t i v e  d o p a n t  s p e c i e s  m ay b e  i m p l a n t e d  i n t o  s e m ic o n d u c t o r s  
t o  p r o d u c e  p - n  j u n c t i o n s  a n d  h e n c e  s u c h  d e v i c e s  a s  d i o d e s ,  t r a n s i s t o r s  
a n d  m o s f e t s .  P a s s i v e  e le m e n t s  s u c h  a s  r e s i s t o r s  a n d  c a p a c i t o r s  m ay  b e  
f a b r i c a t e d  u t i l i s i n g  i o n  i m p l a n t a t i o n .  T h e  p o s s i b i l i t y  e x i s t s  t h a t  
i n t e g r a t e d  c i r c u i t s  m ay  b e  p r o d u c e d  a lm o s t  e n t i r e l y  b y  i m p l a n t a t i o n .
U n f o r t u n a t e l y ,  t h e  h i g h  o o s t  o f  a c c e l e r a t o r s ,  c o u p l e d  w i t h  t h e  
r e l a t i v e l y  lo w  p r o c e s s i n g  r a t e s  i s  a  s e r i o u s  d i s a d v a n t a g e  f r o m  t h e  
c o m m e r c ia l  v i e w p o i n t .  H o w e v e r ,  i n  c e r t a i n  f i e l d s ,  s u c h  a s  t h e  p r o d u c t i o n  
o f  v e r y  t h i n  j u n c t i o n s  a n d  t h e  d o p i n g  o f  co m p o u n d  s e m i c o n d u c t o r s ,  i o n  
i m p l a n t a t i o n  o f f e r s  c o n s i d e r a b l e  p o t e n t i a l  a d v a n t a g e .  M o s t  p r e s e n t  d a y  
d e v i c e s  a r e  f a b r i c a t e d  b y  d i f f u s i o n  t e c h n i q u e s  a t  som e  s t a g e  i n  t h e i r  
m a n u f a c t u r e ,  t h i s  l i m i t s  t h e  d o p a n t  s p e c i e s  t o  t h o s e  h a v i n g  r e a s o n a b l y  
h i g h  d i f f u s i o n  r a t e s  i n  t h e  a p p r o p r i a t e  s u b s t r a t e .  S u c h  t e c h n i q u e s  a r e  
n o t  i d e a l l y  s u i t e d  t o  t h e  p r o d u c t i o n  o f  s h a l l o w  a b r u p t  j u n c t i o n s ,  i n d e e d  
f o r  a  l a r g e  n u m b e r  o f  s e m i c o n d u c t i n g  c o m p o u n d s , t h e  h i g h  t e m p e r a t u r e s  
u s e d  i n  d i f f u s i o n  a r e  l i k e l y  t o  c a u s e  d i s s o c i a t i o n  o f  t h e  co m p o u n d  a n d  
d e s t r o y  i t s  d e s i r a b l e  e l e c t r i c a l  p r o p e r t i e s .  L o s s  o f  o n e  o f  i t s  
c o n s t i t u e n t s  b y  e v a p o r a t i o n  o r  b y  t h e  i n t e r d i f f u s i o n  o f  s p e c i e s  a n d  t h e  
p r o d u c t i o n  o f  n a t i v e  d e f e c t s  a r e  t h e  u s u a l  c a u s e s  o f  t h i s  d e g r a d a t i o n .
I m p l a n t a t i o n  h a s  tw o  m a in  d r a w b a c k s ,  c a p i t a l  e q u ip m e n t  c o s t s  h a v e  
a l r e a d y  b e e n  m e n t io n e d ,  t h e  s e c o n d  m a j o r  d i s a d v a n t a g e  c o n c e r n s  t h e  
u n a v o i d a b l e  r a d i a t i o n  d a m a g e  p r o d u c e d  b y  t h e  i m p l a n t a t i o n  p r o c e s s .  I n  
m o s t  c a s e s  t h e  g r o s s  d a m a g e  c a n  b e  a n n e a le d  o u t  b y  u s i n g  h i g h  t e m p e r a t u r e s  
( a l t h o u g h  u s u a l l y  m u ch  l o w e r  t h a n  t h o s e  u s e d  f o r  d i f f u s i o n ) .  ‘ T h i s  t o
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so m e e x t e n t  m ay m o d i f y  t h e  d i s t r i b u t i o n  o f  t h e  i m p l a n t e d  i o n s  a n d , i n  t h e  
c a s e  o f  h i g h  c o n c e n t r a t i o n s  o f  i m p l a n t e d  a t o m s ,  p r e c i p i t a t i o n  a n d  a g g lo m e r a ­
t i o n s  m ay o c c u r .
1 . 3  O B J E C T I V E S  O F  R E S E A R C H
T h e  p r i m a r y  o b j e c t i v e  o f  t h e  p r e s e n t  r e s e a r c h  i s  t o  i n v e s t i g a t e  i o n  
i m p l a n t a t i o n  d o p in g  a p p l i e d  t o  s e m i c o n d u c t o r s .  A s  i o n  i m p l a n t a t i o n  d o p in g  
i n t r o d u c e s  r e l a t i v e l y  s m a l l  a m o u n ts  o f  i m p u r i t i e s ,  i t  i s  e s s e n t i a l  t h a t  
t h e  s e m ic o n d u c t o r  m a t e r i a l  c h o s e n  f o r  t h e  s t u d y  i s  w e l l  c h a r a c t e r i s e d .
F o r  e x a m p le  t h e  n a t i v e  d e f e c t  d e n s i t y  s h o u ld  b e  l o w ,  t h e  " a s  g ro w n "  d o p in g  
l e v e l  o f  t h e  m a t e r i a l  s h o u l d  b e  a s  u n i f o r m  a s  p o s s i b l e  a n d  t h e  d o p in g  
l e v e l s  t h e m s e lv e s  s h o u l d  b e  lo w  i n  o r d e r  t h a t  t h e  e f f e c t  o f  t h e  im p l a n t e d  
i o n s  a r e  d o m in a n t .  T h e s e  r e s t r i c t i o n s  n a r r o w  t h e  c h o i c e  o f  t h e  s e m i­
c o n d u c t o r  m a t e r i a l  t o  t h o s e  o f  g r o u p  I V ,  n a m e ly  s i l i c o n  a n d  g e r m a n iu m .
G r o u p  I V  s e m ic o n d u c t o r s  h a v e  t h e  a d d e d  a d v a n t a g e  t h a t  t h e  p o s s i b l e  n u m b e r  
o f  s i m p l e  d e f e c t s  i s  f a r  l e s s  t h a n  t h o s e  p o s s i b l e  i n  co m p o u n d  s e m i­
c o n d u c t o r s .  C o n s i d e r a b l e  r e s e a r c h  e f f o r t  h a s  b e e n  a n d  s t i l l  i s  d e v o t e d  
t o  t h e  i m p l a n t a t i o n  o f  s i l i c o n ,  b e c a u s e  o f  t h e  l a t t e r  m a t e r i a l ' s  
w id e s p r e a d  t e c h n o l o g i c a l  u s e .  T h e r e f o r e ,  i n  o r d e r  t o  a v o i d  t h e  r i s k  o f  
d u p l i c a t i o n  a n d  t o  m ake t h e  b e s t  u s e  o f  a  r e l a t i v e l y  s m a l l  r e s e a r c h  
p r o g ra m m e , i t  w a s  d e c i d e d  t o  c o n c e n t r a t e  e f f o r t  u p o n  g e r m a n iu m .
I m p l a n t a t i o n  c o n d i t i o n s  w e r e  r e s t r i c t e d  b y  t h e  l i m i t a t i o n s  o f  t h e  
a v a i l a b l e  i s o t o p e  s e p a r a t o r  a n d  b y  t h e  v e r y  l i m i t e d  a m o u n t  o f  t i m e  
a l l o w e d  f o r * i m p l a n t a t i o n s . ( T h e  e n t i r e  i m p l a n t a t i o n  p ro g ra m m e  w a s  
a c c o m p l i s h e d  i n  a p p r o x i m a t e l y  tw o  w e e k s . )  I m p l a n t a t i o n  e n e r g i e s  w e r e  
l i m i t e d  t o  a  m axim um  o f  y O k e V .  N o  t a r g e t  h e a t i n g  o r  c o o l i n g  f a c i l i t i e s  
w e r e  a v a i l a b l e .  H o w e v e r ,  w i t h  r e g a r d  t o  t h e  v e r y  l i m i t e d  m a c h in e  t im e  
l i t t l e  c o u l d  h a v e  b e e n  a c h i e v e d  e v e n  i f  s u c h  f a c i l i t i e s  h a d  b e e n  
a v a i l a b l e ,  b e c a u s e  o f  t h e  s lo w  " t u r n  r o u n d  t im e "  n e c e s s a r i l y  i n v o l v e d  
i n  t h e s e  t y p e s  o f  i m p l a n t a t i o n .
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I t  w a s  d e c i d e d  t o  u s e  c o n v e n t i o n a l  d o p a n t  i m p u r i t i e s  f r o m  g r o u p s  I I I  
a n d  V  o f  t h e  p e r i o d i c  t a b l e ,  a s  t h i s  w o u ld  p r o v i d e  m a t e r i a l  w h o s e  p r o ­
p e r t i e s '  c o u l d  b e  c o m p a r e d  d i r e c t l y  w i t h  t h e  w e a l t h  o f  e x p e r i m e n t a l  d a t a  
a v a i l a b l e  f o r  t h e s e  d o p a n t s  w h e n  t h e y  a r e  d i f f u s e d  i n  t h e  c o n v e n t i o n a l  
m a n n e r .  S e v e r a l  I m p l a n t a t i o n s  w e r e  a l s o  p e r f o r m e d  w i t h  " i n e r t  g a s e s "  t o  
s t u d y  t h e  e l e c t r i c a l  p r o p e r t i e s  a s s o c i a t e d  w i t h  r a d i a t i o n  d a m a g e .
T h e  t y p e s  o f  i n f o r m a t i o n  w h i c h - a r e  o f  i n t e r e s t  f a l l  i n t o  tw o  t y p e s .
T h e  f i r s t  c a t e g o r y  I s  e s s e n t i a l l y  p h y s i c a l  a n d  I n c l u d e s  s u c h  q u a n t i t i e s  a s  
t h e  p r o d u c t i o n  o f  r a d i a t i o n  d a m a g e  a s  a  f u n c t i o n  o f  i o n  d o s e ,  t h e  r e ­
o r d e r i n g  o f  t h i s  d a m a g e  a s  a  f u n c t i o n  o f  a n n e a l  t e m p e r a t u r e  a n d  t h e  f i n a l  
p o s i t i o n  t a k e n  u p  b y  t h e  i m p u r i t y  w i t h i n  t h e  r e - o r d e r e d  s e m ic o n d u c t o r  
l a t t i c e .  T h e  s e c o n d  c a t e g o r y  c o n c e r n s  t h e  e l e c t r i c a l  e f f e c t s  o f  t h e  
i m p l a n t a t i o n .  I m p o r t a n t  p a r a m e t e r s  h e r e  a r e  t h e  r e s i s t i v i t y  o f  t h e  
im p l a n t e d  l a y e r  a n d  t h e  m o b i l i t y  o f  t h e  e l e c t r i c a l  c a r r i e r s .  T h e  e l e c t r i c a l  
c h a r a c t e r i s t i c s  w i l l  i n i t i a l l y  b e  d o m in a t e d  b y  t h e  r a d i a t i o n  d am a g e  
p r o d u c e d  b y  i m p l a n t a t i o n .  A f t e r  t h e  r a d i a t i o n  d a m a g e  i s  a n n e a l e d ,  t h e  
i m p l a n t e d  d o p a n t  a to m s  s h o u l d  b e g i n  t o  d o m in a t e  t h e  e l e c t r i c a l  p r o p e r t i e s .  
F r o m  a  k n o w le d g e  o f  t h e  i m p l a n t e d  l a y e r s  s h e e t  r e s i s t i v i t y  a n d  m o b i l i t y ,  
i t  I s  p o s s i b l e ,  i n  p r i n c i p l e ,  t o  d e t e r m in e  t h e  n u m b e r  o f  i m p l a n t e d  i o n s  
w h ic h  b e co m e  e l e c t r i c a l l y  a c t i v e  ( i . e .  b e co m e  d o n o r s  o r  a c c e p t o r s ) .  T h e  
p e r c e n t a g e  o f  i m p l a n t e d  a to m s  w i l l  g i v e  som e m e a s u r e  o f  t h e  e f f i c i e n c y  
o f  t h e  i o n  i m p l a n t a t i o n  d o p in g  t e c h n i q u e .  I n  a  s i m p l e  m in d e d  f a s h i o n ,  
o n e  w o u ld  e x p e c t  a  c o r r e l a t i o n  b e tw e e n  t h e  f r a c t i o n  o f  e l e c t r i c a l l y  
a c t i v e  i m p l a n t e d  i o n s  a n d  t h e i r  p o s i t i o n  w i t h i n  t h e  u n i t  c e l l  o f  t h e  
r e - o r d e r e d  l a t t i c e .  F o r  e x a m p le ,  e a c h  d o p a n t  a to m  t h a t  t a k e s  u p  a  
s u b s t i t u t i o n a l  p o s i t i o n  w i t h i n  t h e  l a t t i c e  s h o u l d  b e co m e  a  d o n o r  o r  
a c c e p t o r  d e p e n d in g  u p o n  w h e t h e r  t h e  d o p a n t  a to m  b e l o n g s  t o  g r o u p  I I I  o r  
g r o u p  V  o f  t h e  p e r i o d i c  t a b l e .
1 . 4  E X P E R I M E N T A L  T E C H N IQ U E S
T h e  p h y s i c a l  p r o p e r t i e s  o f  i o n  i m p l a n t e d  s e m i c o n d u c t o r s ,  m e n t io n e d  i n  
s e c t i o n  1 .3 *  c a n  h e  i n v e s t i g a t e d  b y  m e a n s  o f  R u t h e r f o r d  b a c k s c a t t e r i n g  o f  
l i g h t  e n e r g e t i c  p a r t i c l e s ,  c o m b in e d  w i t h  t h e  p h e n o m e n a n o f  c h a n n e l l i n g .  I f  
a  h i g h l y  c o l l i m a t e d  b eam  o f  l i g h t  e n e r g e t i c  p a r t i c l e s  I s  a l i g n e d  w i t h  a  
m a j o r  c r y s t a l l i n e  d i r e c t i o n .  T h e n  t h e  b a c k s c a t t e r e d  e n e r g y  s p e c t r u m ,  
o b t a i n e d  f o r  a  g i v e n  s c a t t e r i n g  a n g l e ,  w i l l  g i v e  a  m e a s u r e  o f  t h e  g r o s s  
d a m a g e  p r o d u c e d  b y  t h e  i o n  i m p l a n t a t i o n  p r o c e s s .  S i m i l a r l y  i f  t h e  p r o c e s s  
i s  r e p e a t e d  f o r  tw o  o r  m o re  m a j o r  c r y s t a l l i n e  d i r e c t i o n s  a n d  a  r a n d o m  
d i r e c t i o n ,  t h e n  I n f o r m a t i o n  c a n  b e  o b t a i n e d  o n  t h e  p o s i t i o n  o f  t h e  
im p l a n t e d  a to m s  w i t h i n  t h e  u n i t  c e l l  o f  t h e  s e m ic o n d u c t o r  l a t t i c e ,  p r o v i d e d  
t h a t  t h e  im p l a n t e d  i o n  m a s s  i s  s i g n i f i c a n t l y  g r e a t e r  t h a n  t h e  a t o m ic  
w e ig h t  o f  t h e  s e m ic o n d u c t o r  m a t e r i a l .
T h e  s h e e t  r e s i s t i v i t y  a n d  s h e e t  m o b i l i t y  a n d  h e n c e  t h e  c a r r i e r  c o n ­
c e n t r a t i o n  i s  m o s t  c o n v e n i e n t l y  m e a s u r e d  b y  u s e  o f  t h e  f o u r  p o i n t  p r o b e  
t e c h n i q u e .  T h e  r e s i s t i v i t y  i s  s i m p l y  d e t e r m in e d  b y  m e a s u r in g  t h e  v o l t a g e  
r e q u i r e d  t o  d r i v e  a  g i v e n  c u r r e n t  t h r o u g h  t h e  I m p la n t e d  l a y e r .  Tw o p r o b e s  
a r e  u s e d  f o r  t h e  c u r r e n t  a n d  t h e  r e m a i n i n g  tw o  a r e  u s e d  t o  m e a s u r e  t h e  
v o l t a g e . T h e  c o n d u c t i v i t y  m o b i l i t y  i s  m e a s u r e d  i n  a  so m e w h a t s i m i l a r  
m a n n e r ,  w i t h  t h e  a d d i t i o n  o f  a  p o w e r f u l  m a g n e t i c  f i e l d  a t  r i g h t  a n g l e s  
t o  t h e  i m p l a n t e d  l a m i n a .
1 . 5  SUMMARY O F  C O N T E N T S
C h a p t e r  tw o  d e s c r i b e s  t h e  m o re  im p o r t a n t  p r o c e s s e s  w h ic h  o c c u r  w hen  
e n e r g e t i c  i o n s  im p in g e  u p o n  a  s o l i d  t a r g e t .  T h e  m e c h a n is m s  b y  w h ic h  s u c h  
i o n s  l o s e  t h e i r  e n e r g y  a n d  com e t o  r e s t  a r e  o u t l i n e d .  B y  a  c o n s i d e r a t i o n  
o f  t h e  sum  o f  t h e s e  e n e r g y  l o s s  p r o c e s s e s  a n  e x p r e s s io n ,  f o r  t h e  a v e r a g e  • 
p e n e t r a t i o n  d e p t h  a n d  t h e  d e p t h  d i s t r i b u t i o n  o f  t h e  s t o p p e d  i o n s  a r e  
o b t a i n e d .  T h e  r a d i a t i o n  d am age; p r o d u c e d  b y  t h e  i m p l a n t e d  I o n s  i s
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d i s c u s s e d  a n d  s u c h  q u a n t i t i e s  a s  t h e  n u m b e r  o f  d i s p l a c e d  l a t t i c e  a to m s  
p e r  i n c i d e n t  i o n  a n d  t h e  t y p e s  o f  d e f e c t s  w h ic h  t h e y  p r o d u c e  a r e  a l s o  
c o n s i d e r e d .  S u c h  t o p i c s  a s  s p u t t e r i n g  a n d  s e c o n d a r y  e l e c t r o n  e m i s s i o n  
a r e  a l s o  m e n t io n e d ,  a l t h o u g h  n o t  I m p o r t a n t  i n  i m p l a n t a t i o n  d o p i n g ,  t h e y  
c a n  g i v e  r i s e  t o  e r r o r s  i n  t h e  t o t a l  d o s e  o f  i m p l a n t e d  i o n s .
C h a p t e r  t h r e e  c o n t a i n s  a  d e s c r i p t i o n  o f  t h e  p h y s i c a l  a n d  e l e c t r i c a l  
p r o p e r t i e s  o f  g e r m a n iu m . T h e  p r e p a r a t i o n  o f  g e rm a n iu m  f o r  i m p l a n t a t i o n  
i s  d e s c r i b e d  t o g e t h e r  w i t h  d e t a i l s  o f  t h q  m e th o d  u s e d  t o  d i s c o v e r  t h e  
c r y s t a l l o g r a p h i c  o r i e n t a t i o n  o f  t h e  s a m p le .  F i n a l l y ,  t h e  i m p l a n t a t i o n  
t e c h n i q u e  I s  o u t l i n e d .
C h a p t e r  f o u r  d e a l s  w i t h  c h a n n e l l i n g  a n d  R u t h e r f o r d  b a c k s c a t t e r i n g .
A  t h e o r e t i c a l  t r e a t m e n t  o f  c h a n n e l l i n g  f o r  b o t h  l i g h t  a n d  h e a v y  i o n s  I s  
g i v e n  a n d  d e v i a t i o n s  f r o m  t h e  p r e d i c t e d  h e a v y  i o n  r a n g e s  d e r i v e d  i n  
C h a p t e r  tw o  a r e  n o t e d .  T h e  R u t h e r f o r d  b a c k s c a t t e r i n g  e x p e r im e n t  i s  
d e s c r i b e d  i n  d e t a i l ,  t o g e t h e r  w i t h  o p t im u m  c h o i c e s  o f  a n a l y s i n g  p a r t i c l e  
m a s s  a n d  e n e r g y .
C h a p t e r  f i v e  c o n t a i n s  a  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  d e s c r i p t i o n  
o f  t h e  V a n  d e r  P auw  f o u r  p o i n t  p r o b e  m e th o d  f o r  d e t e r m i n i n g  s h e e t  
r e s i s t i v i t y  a n d  m o b i l i t y  w i t h i n  t h e  I m p la n t e d  l a y e r .  V a r i o u s  p i t f a l l s  
i n  t h e  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  o b t a i n e d  a r e  a l s o  i n d i c a t e d .
C h a p t e r  s i x  c o n t a i n s  t h e  e x p e r i m e n t a l  r e s u l t s  o f  t h i s  s t u d y .  I t  i s  
d i v i d e d  i n t o  tw o  p a r t s .  T h e  f i r s t  c o n c e r n s  t h e  R u t h e r f o r d  b a c k s c a t t e r i n g  
r e s u l t s  o n  l a t t i c e  d a m a g e , b o t h  a s  a  f u n c t i o n  o f  i o n  d o s e  a n d  a n n e a l i n g  
t e m p e r a t u r e .  I t  a l s o  i l l u s t r a t e s  t h e  p o s i t i o n a l  b e h a v i o u r  o f  t h e  
i m p l a n t e d  i o n s  a s  a  f u n c t i o n  o f  a n n e a l  t e m p e r a t u r e .  T h e  s e c o n d  s e c t i o n  
d e t a i l s  t h e  r e s u l t s  o f  t h e  e l e c t r i c a l  m e a s u r e m e n t s ,  a g a i n  a s  a  f u n c t i o n  
o f  i o n  d o s e  a n d  a n n e a l  t e m p e r a t u r e .
C h a p t e r  s e v e n  c o n t a i n s  a  d i s c u s s i o n  o f  t h e  e x p e r i m e n t a l  r e s u l t s .  
D i s c r e p a n c i e s  b e tw e e n  t h e  e l e c t r i c a l  a n d  R u t h e r f o r d  b a c k s c a t t e r i n g  d a t a
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a r e  n o t e d  a n d  c o n c l u s i o n s  a r e  d r a w n  o n  t h e  a c c e p t a b i l i t y  o f  t h e  e l e c t r i c a l  
p e r f o r m a n c e  o f  i o n  i m p l a n t e d  g e rm a n iu m *  S u g g e s t i o n s  a r e  a l s o  m a d e  f o r  
p o s s i b l e  f u t u r e  w o r k  w i t h  g e rm a n iu m *
T h e  a p p e n d i c e s  c o n t a i n  d a t a  o n  s e v e r a l  a s p e c t s  o f  c h a n n e l l i n g  n o t  
d i r e c t l y  r e l a t e d  t o  t h e  m a in  w o r k  i n  t h i s  t h e s i s *  T h e y  r e l a t e  m a i n l y  t o  
t r a n s m i s s i o n  c h a n n e l l i n g  i n  s i l i c o n  a n d  a l s o  t h e  d e t e c t i o n  o f  l i g h t  m a s s  
i m p u r i t i e s  i n  h e a v y  m a s s  s u b s t r a t e s *
C H A P T E R  I I  
I N T E R A C T IO N  O F  E N E R G E T I C  IO N S  W ITH  S O L ID S
T h i s  c h a p t e r  d e a l s  w i t h  t h e  m a in  p h y s i c a l  p r o c e s s e s  w h ic h  o c c u r  w h en  
a n  e n e r g e t i c  i o n  I n t e r a c t s  w i t h  a  s o l i d  t a r g e t .  T h e  w a y s  I n  w h ic h  s u c h  
a n  i o n  l o s e s  e n e r g y  a r e  d e s c r i b e d  a n d  b y  a  s u m m a t io n  o f  t h e s e  e n e r g y  l o s s  
p r o c e s s e s  a n  e x p r e s s i o n  f o r  t h e  r a n g e  o f  s u c h  a n  i o n  i n  a  s o l i d  t a r g e t  i s  
d e r i v e d .  O t h e r  p r o c e s s e s  w h i c h  a r e  I m p o r t a n t  i n  i o n  i m p l a n t a t i o n  a r e  
d e s c r i b e d .  T h e s e  i n c l u d e  s u c h  t o p i c s  a s  s p u t t e r i n g ,  s e c o n d a r y  e l e c t r o n  
e m i s s i o n  a n d  t h e  f o r m a t i o n  o f  d e f e c t s .  A  d e s c r i p t i o n  o f  c h a n n e l l i n g  
p h e n o m e n a  w i l l  b e  p r e s e n t e d  i n  C h a p t e r  f o u r .
2 . 1  IN T R O D U C T IO N
I n  o r d e r  t o  g a i n  a n  u n d e r s t a n d i n g  o f  i o n  i m p l a n t a t i o n  i t  i s  d e s i r a b l e  
t o  k n o w  s o m e t h in g  a b o u t  t h e  v a r i o u s  p r o c e s s e s  w h ic h  o c c u r  d u r i n g  t h e  
i n j e c t i o n  o f  i o n s  i n t o  s o l i d s .  A n  e n e r g e t i c  i o n  w i l l  l o s e  e n e r g y  a s  i t  
p e n e t r a t e s  a  t a r g e t .  T h e  i o n  w i l l  u n d e r g o  e l a s t i c  c o l l i s i o n s  w i t h  t h e  
a to m s  o f  t h e  s o l i d .  T h e r e  w i l l  a l s o  b e  a  f u r t h e r  i n e l a s t i c  e n e r g y  l o s s  
a s s o c i a t e d  w i t h  t h e  i n t e r a c t i o n  b e tw e e n  t h e  i o n s  a n d  t h e  e l e c t r o n s  o f  
t h e  t a r g e t  m a t e r i a l .  T h e  d o m in a n t  e n e r g y  l o s s  m e c h a n is m  w i l l  d e p e n d  u p o n  
t h e  v e l o c i t y  o f  t h e  i m p i n g i n g  i o n  a n d  u p o n  t h e  a t o m ic  s p e c i e s  o f  t h e  I o n  
a n d  t a r g e t  m a t e r i a l .  T h e  I n c i d e n t  i o n  w i l l  e v e n t u a l l y  com e t o  r e s t  w hen  
i t s  k i n e t i c  e n e r g y  i s  i n s u f f i c i e n t  t o  o v e r c o m e  t h e  i n t e r a t o m i c  f o r c e s  o f  
t h e  s o l i d ,  u n l e s s  d i f f u s i o n  o f  som e k i n d  i s  p o s s i b l e .
T h e  f i n a l  p o s i t i o n  o f  t h e  im p l a n t e d  i o n  i n  t h e  s o l i d  i s  d e t e r m in e d  
b y  a  l a r g e  n u m b e r  o f  d e f l e c t i o n s  a n d  i t  i s ,  t h e r e f o r e ,  p o s s i b l e  t o  a s s i g n  
a  m ean  r a n g e  a n d  a  s t r a g g l e  a b o u t  t h i s  r a n g e ,  t o  d e s c r i b e  t h e  d i s t r i b u t i o n  
o f  i m p l a n t e d  i o n s  w i t h i n  t h e  s o l i d .
W hen a n  I n c i d e n t  I o n  u n d e r g o e s  c o l l i s i o n s  w i t h  t h e  t a r g e t  a t o m s ,  
e n e r g e t i c  p r i m a r y  " k n o c k  o n "  a to m s  a r e  p r o d u c e d ,  w h ic h  c a n  t h e m s e lv e s
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u n d e r g o  s e c o n d a r y  c o l l i s i o n s  w i t h  f u r t h e r  t a r g e t  a t o m s .  T h u s  a  c o l l i s i o n  
c a s c a d e  r e s u l t s ,  p r o d u c i n g  a  r e g i o n  o f  d i s p l a c e d  a to m s  a r o u n d  t h e  t r a c k  
o f  t h e  i n i t i a l  I o n ,
I f  t h e  r a t e  o f  i n j e c t i o n  o f  i o n s  i s  s u f f i c i e n t l y  h i g h  t h e  e n e r g y  
d e p o s i t i o n  i n  t h e  i m p l a n t e d  r e g i o n  w i l l  c a u s e  a  t e m p e r a t u r e  r i s e  w h ic h  
m ay h e  s u f f i c i e n t  t o  m o d i f y  t h e  I m p la n t e d  i o n  d i s t r i b u t i o n  b y  d i f f u s i o n  
o r  a l t e r  t h e  d a m a g e  d i s t r i b u t i o n  b y  a n n e a l i n g .
O t h e r  w e l l  k n o w n  p h e n o m e n a , o b s e r v e d  d u r i n g  i o n  b o m b a r d m e n t , I n c l u d e  
t h e  e m i s s i o n  o f  t a r g e t  a to m s  f r o m  t h e  t a r g e t  s u r f a c e  a n d  t h e  e m i s s i o n  o f  
s e c o n d a r y  e l e c t r o n s .  T h e  s p u t t e r i n g  o f  t a r g e t  m a t e r i a l  i m p l i e s  t h a t  t h e r e  
i s  a n  u p p e r  l i m i t  t o  t h e  a m o u n t  o f  m a t e r i a l  w h ic h  c a n  b e  i n t r o d u c e d  i n t o  
a  t a r g e t  b y  i o n  i m p l a n t a t i o n .  T h e  s i g n i f i c a n c e  o f  s e c o n d a r y  e l e c t r o n s  
i s  im p o r t a n t  w h e n  a t t e m p t s  a r e  m ade  t o  m o n i t o r  t h e  i m p l a n t e d  d o s e  b y  
c h a r g e  c o l l e c t i o n .  U n l e s s  a n  e f f i c i e n t  s e c o n d a r y  s u p p r e s s i o n  s y s t e m  i s  
u s e d  l a r g e  e r r o r s  m ay  o c c u r  d u e  t o  t h e  l o s s  o f  s e c o n d a r y  e l e c t r o n s  
f r o m  t h e  t a r g e t .
2 . 2 . 1  N u c l e a r  S t o p p i n g
W hen a n  e n e r g e t i c  i o n  c o l l i d e s  w i t h  a  t a r g e t  a to m  t h e  s u b s e q u e n t  
m o t io n  o f  t h e  p a r t i c l e s  I s  d e t e r m in e d  b y  t h e  f o r m  o f  t h e  i n t e r a c t i o n  
p o t e n t i a l .  F o r  t h e  e n e r g i e s  u s u a l l y  i n v o l v e d  I n  i o n  i m p l a n t a t i o n  
( s e v e r a l  t e n s  o f  k e V )  t h e  i n t e r a c t i o n  i s  e s s e n t i a l l y  o n e  b e tw e e n  n u c l e i
w h ic h  a r e  p a r t i a l l y  s c r e e n e d  b y  t h e i r  s u r r o u n d i n g  e l e c t r o n  c l o u d s .
1  2 3  4
B o h r  a n d  s u b s e q u e n t  i n v e s t i g a t o r s  h a v e  sh o w n  t h a t  f o r  m o s t  c a s e s
c l a s s i c a l  d y n a m ic s  a r e  s u f f i c i e n t  t o  d e s c r i b e  t h e s e  c o l l i s i o n s .  T h e
s i m p l e s t  s c r e e n e d  c o u lo m b  i n t e r a c t i o n  p o t e n t i a l s ,  V ( r ) ,  f o r  a  s e p a r a t i o n ,
r , -  a r e  o f  t h e  f o r m s -
V(r') = J +  J (Z,,ZV  I-) (2a)
w h e r e  f ( Z ^ ,  Z ^ , r )  I s  t h e  s c r e e n i n g  f u n c t i o n  a n d  d e p e n d s  u p o n  t h e  a t o m ic
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n u m b e r s  Z_ a n d  Z „  o f  t h e  c o l l i d i n g  a t o m s .  O n e  o f  t h e  o r i g i n a l  e x p r e s s i o n s  l d 4.
t o  d e s c r i b e  V ( r )  i s  d u e  t o  B o h r s -
V ( r )  s  j f  £ ,  2 i  ( - r A )  o o o o o  ( 2 . 2 )
w h e r e  q  -  q e ( 2 1 / ^  -F 2 2^. ^ } ”" ^  o o . o o  ( 2 . 3 )
a  i s  t h e  B o h r  s c r e e n i n g  r a d i u s  a n d  a Q i s  t h e  B o h r  r a d i u s  o f  h y d r o g e n
( a Q -  O . 52 9 8 ) .  F o r  e n e r g e t i c  c h a r g e d  p a r t i c l e s  t h e  B o h r  p o t e n t i a l  p r o v i d e s
e x c e s s i v e  s c r e e n i n g .  M o r e  a c c u r a t e  p o t e n t i a l s  a r e  t h o s e  d u e  t o  B o r n  a n d
'5 6
M a y e r  a n d  a l s o  T h o m a s  a n d  F e r m i .  T h e  B o r n - M a y e r  p o t e n t i a l  i s  p u r e l y
e x p o n e n t i a l  i n  c h a r a c t e r s -
V (  r )  -  A  ^  ^  8m ; . • • *« . ( 2 A )
w h e r e  A  a n d  a r e  p h e n o m e n o l o g i o a l l y  d e t e r m in e d  p a r a m e t e r s .  T h e  
T h o m a s - F e r m i  s c r e e n e d  p o t e n t i a l  i s  g i v e n  b y s -
V(r)=(z, 2» & V r )  4 c(r / a T F ) ...... (2.5 )
w h e r e  c i T F  .  O ’ 3 8  5 3  C l o /£Z ? A  +
i s  t h e  T h o m a s - F e r m i  s c r e e n i n g  d i s t a n c e  a n d  0 Q ( r / a ^ p )  i s  t h e  T h o m a s - F e r m i  
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f u n c t i o n !
A l t e r n a t i v e  p o t e n t i a l s  b a s e d  u p o n  t h e  T h o m a s - F e r m i  p o t e n t i a l  a r e  
d u e  t o  L I n d h a r d  e t  a l^  A b r a h a m s o n ?  B r in k m a n n '*'0 a n d  F I r s o v . 1 P ' ^  N o n e  
o f  t h e s e  p o t e n t i a l s  i s  c o m p l e t e l y  v a l i d  o v e r  a  w id e  r a n g e  o f  a t o m ic  
s e p a r a t i o n s  b u t  t h e  B o r n - M a y e r  a p p r o x i m a t i o n  a n d  t h e  T h o m a s - F e r m i  
b a s e d  p o t e n t i a l s  a r e  a  r e a s o n a b l y  t r u e  d e s c r i p t i o n  o f  t h e  I n t e r a t o m i c  
p o t e n t i a l s  e x p e r i e n c e d  b y  e n e r g e t i c  i o n s .  C o m p a r is o n  o f  t h e  v a r i o u s
p o t e n t i a l  f u n c t i o n s  a r e  sh o w n  i n  F i g u r e  2 . 1 .
\
O n c e  t h e  c h o i c e  o f  a n  i n t e r a t o m i c  p o t e n t i a l  h a s  b e e n  m ade i t  s h o u l d  
b e  p o s s i b l e  t o  o b t a i n  t h e  s c a t t e r i n g  c r o s s - s e c t i o n  b y  s o l v i n g  c l a s s i c a l  
e q u a t i o n s  o f  m o t io n  f o r  t h e  im p a c t  p a r a m e t e r ^  ( T h e  im p a c t  p a r a m e t e r  
I s  t h e  d i s t a n c e  o f  c l o s e s t  a p p r o a c h  b e tw e e n  t h e  i o n  a n d  t a r g e t  a to m  
a s s u m in g  n o  i n t e r a c t i o n  b e tw e e n  t h e m .)  T h i s  i s  s e ld o m  t h e  c a s e  w i t h o u t
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Fig, 2.1 The interatomic potential between a pair 
of Cu atoms.
s i m p l i f y i n g  a s s u m p t i o n s . F o r  e x a m p le ,  t h e  e x a c t  e q u a t i o n s  w i t h  t h e  B o h r
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p o t e n t i a l ,  c a n n o t  b e  s o l v e d  d i r e c t l y ,  a l t h o u g h  H o b in s o n  h a s  p e r f o r m e d  
som e o f  t h e s e  c a l c u l a t i o n s  u s i n g  m a c h in e  m e t h o d s .  O n e  o f  t h e  fe w
e x c e p t i o n s  t o  t h i s  g e n e r a l i z a t i o n  I s  t h e  c o u lo m b  p o t e n t i a l  ( V t r )  y 'r  )
w h ic h  g i v e s  r i s e  t o  R u t h e r f o r d  s c a t t e r i n g .
By  u s i n g  a  d i f f e r e n t i a l  s c a t t e r i n g  c r o s s - s e c t i o n  b a s e d  o n  a  m o d i f i e d
o
T h o m a s - F e r m i  p o t e n t i a l ,  L i n d h a r d  e t  a l ,  h a v e  d e r i v e d  a  u n i v e r s a l  
r e l a t i o n s h i p  f o r  t h e  n u c l e a r  s t o p p i n g  ( d s / d y o ) ^ ^  i n  t e r m s  o f  d l m e n s i o n l e s s  
l e n g t h  a n d  e n e r g y  p a r a m e t e r s ^  a n d '  £  d e f i n e d  a s s -
p-Rrra4 N [M> M* /(Mi + M&f] 
a n d  £  - E ( « t F / a U  £  M i  / z ,  2 i  ( M i  + M i ) ]  .... ( 2 . 6 . 2 )
N  i s  t h e  n u m b e r  o f  a to m s  p e r  u n i t  v o lu m e .  Z  a n d  M a r e  t h e  a t o m ic  n u m b e rs  
a n d  m a s s e s  a n d  t h e  s u b s c r i p t s  1 a n d  2 r e f e r  t o  t h e  p r o j e c t i l e  a n d  t a r g e t
a to m s  r e s p e c t i v e l y .  T h e  r e s u l t i n g  r e l a t i o n s h i p  b e tw e e n  ( a n d
JL JL
2 i s  sh o w n  b y  t h e  s o l i d  l i n e  i n  F i g u r e  2 . 2 .  ( N . B .  £  2 i s  p r o p o r t i o n a l
t o  i o n  v e l o c i t y . )  T a b l e  2 . 3  l i s t s  v a l u e s  o f  ( £ / ^ ) k e V  a n d / ° / l l  ( m ic r o n s )
f o r  d o p a n t s  o f  i n t e r e s t  i n  s i l i c o n  a n d  g e rm a n iu m .
2 . 2 . 2  E l e c t r o n i c  S t o p p i n g
T h e  e l e c t r o n i c  e n e r g y  l o s s  o f  a n  a t o m ic  p r o j e c t i l e  i m p i n g i n g  u p o n
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a  s o l i d  t a r g e t  w a s  f i r s t  f o r m u l a t e d  i n  a n  a p p r o x im a t e  fo rm  b y  B o h r
s i x t y  y e a r s  a g o .  M o r e  a c c u r a t e  e s t i m a t e s  w e r e  g i v e n  b y  B e t h e 1  ^ a n d  
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B l o c h  r e s u l t i n g  i n  t h e  f o l l o w i n g  e q u a t i o n  f o r  e l e c t r o n i c  e n e r g y  l o s s s -
U e / J x. )  = + TT H o 2 x\ i a % s A \ L h - f i x) . . ,s
ev.tCTrtc.-JJC m. V 3 I O O o O €> (2.7)
w h e re  a n d  « t h e  c h a r g e  n u m b e rs  o n  i o n  a n d  t a r g e t  a to m
m -  e l e c t r o n i c  m a s s
I  » a v e r a g e  e x c i t a t i o n  p o t e n t i a l  ** !<• Z - i  s£ I O Z i A l V ,
P  = ~y/C  ( w h e r e  V  i s  i o n  v e l o c i t y  a n d  C  i s  t h e  v e l o c i t y
o f  l i g h t ) '
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IO N
e / E  ( k e V ) P / R ( m ic r o n s ) k 1
S i Ge S n S i Ge S n S i G e S n  j
L i 0 .2 2 1 0 . 0 8 9 0 .0 5 2 2 8 .0 8 ,0 2 - 7 0 .2 8 0 . 6 5 1 . 0 4
B * 0 .1 1 3 0 . 0 4 9 0 . 0 2 9 3 2 .2 1 0 .6 3 - 8 0 .2 2 0 . 4 7 0 .7 5
N 0 . 0 7 4 0 .0 3 3 0 .0 2 0 3 2 .2 1 1 .8 4 . 5 0 .2 0 0 . 4 2 0 . 6 5
A l 0 .0 2 8 0 .0 1 5 0 . 0 0 9 3 3 0 . 5 1 5 - 3 6 . 4 0 . 1 4 0 .2 6 0 - 3 9
P 0 .0 2 1 0 .0 1 2 O .O O 78 29 oO 1 5 - 7 6 .8 0 . 1 4 0 . 2 4 0 .3 6
G a 0 .0 0 5 4 0 .0 0 3 7 0 .0 0 2 7 1 7 - 9 1 5 -2 8 .1 0 .1 2 0 .1 6 0 ,2 1
A s 0 . 0 0 4 8 0 . 0 0 3 4 0 ,0 0 2 5 1 7 .0 1 4 - 8 8 .1 0 ,1 2 0 ,1 6 0 .2 0  .
I n 0 .0 0 2 1 0 .0 0 1 7 0 . 0 0 1 3 1 1 . 4 1 2 .2 7 .6 0 .1 1 0 . 1 4 0 .1 7
S b 0 .0 0 1 9 0 .0 0 1 5 0 .0 0 1 2 1 1 0 .7 1 1 .9 7 - 5 0 .1 1 0 .1 4 0 .1 6
T l O .O O O 7 0.00062 0 .00 0 52 6 ,0 8 .2 5 - 9 0 .1 1 0 .1 3 0 . 1 4
B i 
—- ----
0.00066 0 .0 0 0 5 9 0 .00 0 50 5 » 8 8 .0 5 - 8 0 .1 1 0 .1 3 0 . 1 4
F I G U R E  2 . 3  T h e  L . S . S .  P a r a m e t e r s  e ,  P a n d  k  f o r  som e R e p r e s e n t a t i v e  D o p a n t s  
i n  S i ,  G e  a n d  S n  C d T e )
T h i s  i s  t h e  f a m i l i a r  " B e t h e  f o r m u la "  r e g i o n ,  w h e r e  t h e  i o n  v e l o c i t y  
u s u a l l y  e x c e e d s  t h a t  o f  t h e  o r b i t a l  e l e c t r o n s  a n d  h e n c e  I t  m o v e s  a s  a  
f u l l y  i o n i z e d  a t o m . U n f o r t u n a t e l y  t h i s  r e g i o n  l i e s  f a r  b e y o n d  t h e  r e g i o n  
o f  e n e r g i e s  u s u a l l y  e n c o u n t e r e d  i n  i o n  i m p l a n t a t i o n .
21
A t  m e d iu m  a n d  lo w  e n e r g i e s  a n  a p p r o a c h  d u e  t o  F i r s o v  h a s  b e e n  
s u c c e s s f u l ,  i n  w h ic h  t h e  o v e r l a p  o f  t h e  i o n  a n d  t a r g e t  a to m  e l e c t r o n
c l o u d s  i s  a s s u m e d  t o  p r o d u c e  a  n u l l  p l a n e  b e tw e e n  t h e  n u c l e i .  H o w e v e r ,
19 20
a  m o re  s u c c e s s f u l  a p p r o a c h  I s  d u e  t o  L i n d h a r d  a n d  L i n d h a r d  a n d  S c h a r f f .
T h e y  a s s u m e  t h a t  a n  " e l e c t r o n  g a s "  c o n t in u u m  c a n  b e  u s e d  t o  c a l c u l a t e
t h e  e l e c t r o n i c  s t o p p i n g .  T h e y  h a v e  o b t a i n e d  t h e  f o l l o w i n g  e x p r e s s i o n s -
- Je = STTA*o Z i .  Zl . V
dxttLEcrruwu.) (Z,**4 Zi*5)** Vo .....(2.8)
T h e y  h a v e  e x p r e s s e d  t h i s  e l e c t r o n i c  s t o p p i n g  p o w e r  i n  a  s i m i l a r  m a n n e r  t o  
t h a t  u s e d  f o r  t h e i r  n u c l e a r  s t o p p i n g  p o w e r  e x p r e s s i o n  d e s c r i b e d  e a r l i e r ,  
vizs-
d £ k c A
d f  Ulectron/c) \
w h e r e  . , 3
lo-QyqS Z l l Z L  ( M ,  + r f x )
( 2 . 1 0 )
£  i s  o f  t h e  o r d e r  o f  1  t o  2  ( £  Z j ^ ) .  T h e s e  e l e c t r o n i c  s t o p p i n g
c a l c u l a t i o n s  d o  n o t  p r o d u c e  a  u n i v e r s a l  e l e c t r o n i c  s t o p p i n g  c u r v e ,  u n l i k e
t h e  L i n d h a r d  n u c l e a r  s t o p p i n g  e x p r e s s i o n .  I n  f a c t ,  a  f a m i l y  o f  c u r v e s
i s  g e n e r a t e d ,  e a c h  c h a r a c t e r i s e d  b y  a  p a r t i c u l a r  v a l u e  o f  k .  F o r  m o s t
c o m b in a t io n s  o f  p r o j e c t i l e  a n d  t a r g e t ,  t h e  k  v a l u e  f a l l s  b e tw e e n  0 . 1  a n d
1
0 . 2 5 .  A  s e r i e s  o f  (d £ / < Je)e  a s  a  f u n c t i o n  o f  £. 2 ( p r o p o r t i o n a l  t o  I o n  
v e l o c i t y )  i s  sh o w n  i n  F i g u r e  2 ^ 2 . F r o m  t h i s  we c a n  s e e  t h a t  n u c l e a r  
s t o p p i n g  i s  t h e  m o re  I m p o r t a n t  p r o c e s s  a t  lo w  e n e r g i e s ,  t h a t  i t  r e a c h e s  
a  m axim um  v a l u e  o f  a r o u n d  £ -  0 . 3 5  ( £ j )  a n d  t h e n  f a l l s  o f f .  E l e c t r o n i c  
s t o p p i n g  o n  t h e  o t h e r  h a n d  i n c r e a s e s  l i n e a r l y  w i t h  i o n  v e l o c i t y  o v e r  a
12 -
v e r y  w id e  r a n g e  a n d  h e n c e  b e c o m e s  t h e  d o m in a n t  e n e r g y  l o s s  p r o c e s s  f o r
e n e r g i e s  g r e a t e r  t h a n  £  = 3  ( i - e «  f o r  £  >  £2 ) .  T h e  q u a n t i t y ,  ( - d E M ft) e s
—I
f i n a l l y  p a s s e s  t h r o u g h  a  m axim um  a n d  t h e n  f a l l s  a s  £  . ( T h e  " B e t h e "
r e g i o n  d i s c u s s e d  p r e v i o u s l y . )
A  c r u d e  b u t  u s e f u l  r u l e  o f  th u m b  t o  d e t e r m in e  i f  n u c l e a r  o r  e l e c t r o n i c  
s t o p p i n g  p r e d o m in a t e s  i s  t o  e x p r e s s  t h e  m a ss  n u m b e r  o f  t h e  i o n  i n  k e V .
I f  t h e  i o n  e n e r g y  i s  g r e a t e r  t h a n  t h i s  f i g u r e  t h e n  e l e c t r o n i c  s t o p p i n g  
p r e d o m in a t e s  a n d  v i c e  v e r s a .
2 . 2 . 3  C h a r g e  E x c h a n g e
C h a r g e  e x c h a n g e  c a n  o c c u r  w h e n  t h e  e l e c t r o n  o r b i t a l  v e l o c i t y  i s
c l o s e  t o  t h e  i o n  v e l o c i t y .  T h i s  p r o c e s s  c o n t r i b u t e s  t o  t h e  i n e l a s t i c
e n e r g y  l o s s  s i n c e  t h e  i o n  m u s t  f i r s t  r e m o v e  e l e c t r o n s  f r o m  t h e  t a r g e t
a to m s  b e f o r e  c a p t u r i n g  t h e m , t h e r e b y  l o s i n g  e n e r g y  i n  t h e  p r o c e s s .  E v e n
u n d e r  t h e  m o s t  f a v o u r a b l e  c o n d i t i o n s  c h a r g e  e x c h a n g e  c a n  o n l y  a c c o u n t
f o r  a  m axim um  o f  10#  o f  t h e  t o t a l  e n e r g y  l o s s  p r o c e s s ,  u s u a l l y  t h e
p e r c e n t a g e  i s  m u c h  s m a l l e r  t h a n  t h i s  a n d  i t  i s  o f t e n  i g n o r e d .  C h a r g e
21
e x c h a n g e  i s  i n c l u d e d  i n  t h e  F i r s o v  m o d e l  o f  e l e c t r o n i c  e n e r g y  l o s s .
T h e  c a p t u r e  c r o s s - s e c t i o n s  a r e s -
crc . TT Q2- Z, Z i M VX/J d u e  t o  B o h r  . a . . .  ( 2 . 1 1 )
a n d  O 'e  = TT 2  ? T.% ( ) d u e  t o  L i n d h a r d  . . . . .  ( 2 . 1 2 )
w h e r e  V ’ i s  t h e  c h a r a c t e r i s t i c  o r b i t a l  v e l o c i t y  o f  t h e  e l e c t r o n s  i n  
q u e s t i o n .  F r o m  0c. t h e  v a l u e s  o f  ( - d E / d ^ )  c h a r g e  e x c h a n g e  c a n  b e  e v a l u a t e d  
i f  n e e d  b e .
2 . 2 . 4  R a n g e  C o n c e p t s
I n  t h e  p r e c e d i n g  s e c t i o n s  w e h a v e  s e e n  how  t h e  v a r i o u s  e n e r g y  l o s s  
p r o c e s s e s  s lo w  d ow n  a n d  e v e n t u a l l y  s t o p  e n e r g e t i c  i o n s .  I d e a l l y  t h i s  
d a t a  s h o u l d  b e  e x p r e s s e d  i n  t e r m s  o f  a n  a v e r a g e  d e p t h  o f  p e n e t r a t i o n  
( r a n g e )  a n d  som e q u a n t i t y  e x p r e s s i n g  t h e  d e v i a t i o n  f r o m  t h i s  d e p t h
( s t r a g g l e ) .  B e f o r e  c o n t i n u i n g  i t  I s  e s s e n t i a l  t o  d e f i n e  t h e s e  q u a n t i t i e s ,
u s e d  i n  r a n g e  c o n c e p t s ,  w i t h  som e a c c u r a c y .
A n  i o n  i s  " s t o p p e d "  i n  i t s  p a s s a g e  t h r o u g h  t h e  t a r g e t  l a t t i c e ,  w h e n
i t  n o  l o n g e r  h a s  t h e  e n e r g y  t o  d i s p l a c e  a  l a t t i c e  a to m  b y  c o l l i s i o n  a n d
c r e a t e  a  v a c a n c y - r l n t e r s t i t i a l  p a i r  ( F r e n k e l  d e f e c t ) .  T h e o r y  a n d  e x p e r im e n t
22 23
a g r e e  t h a t  a b o u t  2 5 e V  m u s t  b e  t r a n s f e r r e d  * f o r  m o s t  s e m ic o n d u c t o r  
m a t e r i a l s .  T h e  s t o p p e d  i o n  i s  e x p e c t e d  t o  b e co m e  a  n e u t r a l  a to m  o r  t o  
c o m b in e  c h e m i c a l l y  w i t h  a to m s  o f  t h e  t a r g e t .  I f  t h e  e v e n t s  w h ic h  c o n ­
t r i b u t e  t o  t h e  s t o p p i n g  a r e  l a r g e  i n  n u m b e r  a n d  r a n d o m , t h e  d i s t r i b u t i o n  
o f  t h e  a to m s  i n  d e p t h  ( r a n g e  s t r a g g l i n g )  w i l l  b e  G a u s s i a n  ( s y m m e t r i c ) .  
A s s y & e t r i c  d i s t r i b u t i o n s  a r e  e n c o u n t e r e d  i n  s i n g l e  c r y s t a l  m a t e r i a l ,  d u e  
t o  c h a n n e l l i n g  b u t  t h i s  w i l l  b e  d i s c u s s e d  l a t e r .  R a n g e  c a n n o t  b e  c o n s i d e r e d
a p a r t  f r o m  s t a t i s t i c a l  c o n c e p t s  a n d  I t s  d e f i n i t i o n  r e q u i r e s  t h e  f o l l o w i n g  
2 4
q u a n t i t i e s  § -
R  T h e  m o s t  p r o b a b l e  d e p t h  o f  p e n e t r a t i o n .
R ^  T h e  m e d ia n  d e p t h ,  i . e .  t h e  t h i c k n e s s  r e q u i r e d  t o  s t o p  5 0 $  o f
t h e  i n c i d e n t  i o n s .
< R >  T h e  m ean  d e p t h  o f  p e n e t r a t i o n  ( t h e  a r i t h m e t i c  a v e r a g e  o f  t h e
d e p t h s  o f  a l l  t h e  i o n s  i n  t h e  d i s t r i b u t i o n ) .
W T h e  f u l l  w i d t h  o f  t h e  d i s t r i b u t i o n  a t  h a l f  m axim um  ( f o r  t h e  G a u s s ia n
d i s t r i b u t i o n  W = 2 . 3 5 4 a ,  w h e re  a i s  t h e  
s t a n d a r d  d e v i a t i o n ) .
T h e  R  q u a n t i t i e s  a r e  o f  c o u r s e  i d e n t i c a l  f o r  t h e  g a u s s i a n  d i s t r i b u t i o n .
A n o t h e r  d i s t i n c t i o n  i n  r a n g e  q u a n t i t i e s  m u s t  b e  s u p e r im p o s e d  o n  t h e  a b o v e .
T h e  r a n g e  m e a s u r e d  i n  e x p e r im e n t s  i s  m o re  o f t e n  t h e  p r o j e c t i o n  a l o n g  t h e
i n i t i a l  beam  a x i s  o f  t h e  a c t u a l  p a t h  l e n g t h  t h a t  t h e  i o n  f o l l o w s  i n  t h e
t a r g e t .  F i g u r e  2 . 4  I l l u s t r a t e s  t h i s  c o n c e p t ,  t o g e t h e r  w i t h  o t h e r s
i m p o r t a n t  t o  t h e  c a l c u l a t i o n s .
W h e re  r a n g e  t h e o r y  i s  t o  b e  e m p h a s iz e d ,  I t  i s  c o n v e n i e n t  t o  g i v e
r a n g e  d a t a  i n  t e r m s  o f  t h e  a v e r a g e  e n e r g y  l o s s  p e r  u n i t  p a t h  l e n g t h ,
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d E / d R , i n  t h e  t a r g e t ,  t h e  " t o t a l  s t o p p i n g  p o w e r"  o f  t h e  i o n s  i n  t h e  t a r g e t  
m a t e r i a l .  T h i s  q u a n t i t y  c a n  b e  i n t e r p r e t e d ,  a s  a  sum  o f  t e r m s ,  e a c h  o f  
w h ic h  i s  c h a r a c t e r i s t i c  o f  a  s t o p p i n g  p r o c e s s .
cJe - cSe . dB
clR TC T R L. cl ft ELECTRONIC, d ft NUCLEOR
_ OOOOO \ e IJ) /CMAftC,EEXCHANtVE
T h e  t o t a l  p a t h  l e n g t h  R  i s  t h e n  o b t a i n e d  b y  i n t e g r a t i n g  t h e  r e c i p r o c a l  
s t o p p i n g  p o w e r  o v e r  e n e r g y  f r o m  i t s  i n i t i a l  v a l u e  ( E ^ )  d ow n  t o  i t s  
s t o p p i n g  v a l u e  ( E ^ ) ,  i . e .  t h e  e n e r g y  r e q u i r e d  t o  d i s p l a c e  a n  a to m  f r o m  
i t s  l a t t i c e  s i t e .
■>E lR (E) = f  -■ ^  ■
J t - . ( c r H  /  c l fw T C T f U .  . . . . .  ( 2 o 1 4 )
L r a 8 -
I n  t e r m s  o f  t h e  r e d u c e d  e n e r g y  c  a n d  r a n g e  p  e m p lo y e d  b y  L i n d h a r d  e t  a l
i
e q u a t i o n  ( 2 . 1 4 )  b e c o m e s ? -
— J £ = -  / d £• j + K £/*■
J p Up l n  u t L M f t  ( 2 - 1 5 )
a t  t h e  e n e r g i e s  o f  i n t e r e s t  h e r e .  E x p e r i m e n t a l l y ,  t h e  p r o j e c t e d  r a n g e  R _ir
8
i s  t h e  q u a n t i t y  r e q u i r e d .  L i n d h a r d  h a s  d e r i v e d  a  r e l a t i o n s h i p  b e tw e e n  
R  a n d  R p ,  I n  t h e  r e g i o n  w h e r e  n u c l e a r  s t o p p i n g  p r e d o m in a t e s g -
R / R p  ** 1 + M t / s M i  ..... (a.x6)
f o r  t h e  s i m p l e  c a s e  o f  a n  I n v e r s e  s q u a r e  p o t e n t i a l .  ( T h e y  h a v e  a l s o  
c a l c u l a t e d  v a l u e s  o f  t h e  r e l a t i v e  s q u a r e  s t r a g g l i n g  i n  r a n g e ,
( A  p / p )  = ( A R / f O *  f o r  a  T h o m a s - F e r m i  p o t e n t i a l ,  a s s u m in g  t h a t  
t h e  r a n g e  d i s t r i b u t i o n  I s  G a u s s i a n  t o  a  f i r s t  a p p r o x i m a t i o n J  s i m i l a r  
s t r a g g l i n g  r e s u l t s  a r e  p l o t t e d  i n  F i g u r e  2 . 5 b , t o g e t h e r  w i t h  F i g u r e  2 . 2  
s h o w in g  u n i v e r s a l  p l o t s  o f  p  a g a i n s t  £  f o r  v a r i o u s  v a l u e s  o f  k  ( a s
t
d e f i n e d  i n  e q u a t i o n s  2 . 9  a n d  2 . 1 0 ) .  E q u a t i o n  ( 2 . 1 0 )  i n d i c a t e s  t h a t  
t h e  . e l e c t r o n i c  e n e r g y  l o s s  i n c r e a s e s  m o n o t o n i c a l l y  w i t h  Z^ f o r  a  g i v e n  
v a l u e  o f  Z 2 . I n  f a c t ,  t h e r e  i s  a n  o s c i l l a t o r y  d e p e n d e n c e  o n  Z^  d u e  t o
-  15 _
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Fig. 2.5 Proportion between projected range and 
damage parameters vs. M 2 /M*
a )  ra tio  of average projected range to 
damage depth.
b) ra t io  between range and damage 
straggling.
Fig. 2.6 Mean ranges (  )and  mean depths of
damage ( ------- )  in Amorphous Germanium.
electronic shell effects. However, at typical implantation energies the
26’
effects on the range distribution are generally negligible. Several
compilations of range as a function of ion, substrate and energy now
26 27exist notably those of Matthews and Holloway and Gibbons '. The 
28results of Stevens were used in the present work. All these results
8are based on the Lindhard theory.
2.3*1 Radiation Damage in Semiconductors
When we consider the production of lattice defects, we are, in effect, 
considering the processes which account for the nuclear energy ,loss of 
energetic ions, discussed earlier. An Incident ion can interact with a 
lattice atom, transferring an amount of energy T. If T is greater than 
the displacement energy E^, then the atom may be ejected from its lattice 
position with an energy (T - E^). If (T - E^) is smaller than E^ then a 
"Frenkel pair" will be produced. However, usually (T - E^) »  and
in this case secondary displacements can be caused by this "primary 
knock-on" atom. In fact, a "collision cascade" can result and further 
displacements will cease only when each displaced atom has insufficient 
energy to cause further d i s p l a c e m e n t s ? ^ T h u s  we can see that a 
"defect region" is created surrounding each Ion track. The nature of 
this defect rich region will depend largely upon the mass and energy of 
the incident Ion. For a given substrate and ion energy, a light Ion 
will have the greatest range and it will also lose least of its energy 
in nuclear stopping processes. Thus the "energy density" deposited 
around a light Ion track will be very low and it is this case which 
will most closely approach the picture of an ion track surrounded by 
simple Frenkel pairs. Hydrogen, helium and lithium implanted into 
silicon or germanium will produce this situation. As the ion mass 
increases the "energy density" deposited along the track length increases
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as the Frenkel pairs* heavy ions in silicon and germanium are good
30 Siexamples of this. Vook^ and Mayer postulate that the damage 
surrounding each ion track is essentially crystalline in nature, although 
highly disordered. As these damage tracks overlap the material becomes ' 
amorphous.
Assuming no appreciable self-annealing in these damage regions and 
no long range interactions between ion tracks, we would expect the total 
disorder to increase linearly with dose until sufficient numbers of 
these damage regions overlap. The nature of this so-called amorphous
Iphase does not preclude short range order over one or two atomic
29 lk 2spacingsft Doses of 10 heavy ions/cm are required to produce this
15 2situation in silicon and germanium and as much as 10 light ions/cm
41for the same materials.
The above outline of defect formation is extremely simple minded
and it would be as well, at this stage, to point out the various traps
and pitfalls that may belie such a naive picture.
The first objection arises from the assumption of a unique value
42of the displacement energy E^. Seitz and Koehler based their original
estimates of upon the energy required to produce a vacancy by
sublimation. For an atom displaced by a collision there is in fact a range
of possible E^ values. .The appropriate value depends upon which direction,
with respect to the lattice, the escape takes place. The theoretical
31calculations of Oen et al, for copper atoms in single crystal copper,
32indicate this, while the experimental results of Brown and Augustyniak
33and Haddad and Banbury for silicon, positively confirm an angular 
lattice dependence of E^. Most treatments of displacements assume a „ 
single value of E^ and as long as T »  E^ then little or no discrepancy 
will result. However, when T then the exact form of the displacement
threshold energy spectrum would be extremely important.
and d isp la c e d  atoms are a b le  t o  combine to  form complex d e fe c t s  as w e ll
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Bauer and Sosirr have found that small quantities of impurities 
can appreciably alter the value of As the process of ion implantation 
is essentially one of introducing impurities, then this observation 
assumes some considerable importance. In fact, the whole concept of 
even a range of E^ values, although valid at low defect concentrations, 
becomes increasingly questionable in highly disordered material, 
because the regular lattice structure is being destroyed.
The primary knock on atoms usually have a different mass to the 
original incident ions and one would, therefore, expect differing defect 
densities within a cascade as opposed to the ion range function. This 
is not difficult to understand because collisions within a cascade occur 
between particles of equal mass. Thus ensuring a maximum energy transfer 
while the incident ion/lattice atom interaction will be less efficient 
in transferring energy.
35Computer calculations by Beeler and Besco, for copper ions 
incident upon copper, show that the production of extended defects from 
atomic Impacts alone is perfectly possible. These calculations ignored 
the subsequent motion of vacancies and interstitials, while it is well 
known that at room temperature and below, these defects are highly mobile. 
If the motion of-such defects is taken into account then thermal 
annealing will obviously reduce the defect density. Other computer 
simulations'^ and calculations-^ * 5+0 reveal that lattice strain could 
be responsible for the athermal annealing of closely spaced defects. 
Conversely, it is known that defects, separated vacancies and separated 
interstitials can combine to produce larger defect aggregates, as well 
as such aggregates produced directly by atomic collision. The capture 
of freely diffusing vacancies and interstitials at traps is also very 
likely. Grain boundaries and dislocations are likely candidates while 
free surfaces are likely sinks for the annihilation of such defects.
3k
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vacancy clusters, has been observed in irradiated metals. One would
expect such dislocation loops to lie in well defined atomic planes
because of minimum energy considerations. Interactions between
dislocations and other defect types by means of the dislocation stress
fields then become possible. Once formedfdislocation loop entanglements
would become relatively stable, while free dislocation could migrate via
a "slip" mechanism to free surfaces.
Vacancy clusters may be formed by agglomeration or by the direct
result of atomic impacts by means of a "displacement spike" 0^ J'^ in
such a displacement spike an incident ion is responsible for the transfer
of energy to a localised group of lattice atoms, resulting in the ejection
of the atoms into the crystal, leaving a vacancy rich core. The
densification of the surrounding crystal leads to the collapse of the
core. It would appear that for heavy Ion bombardment of most
semiconductors, 9 9 ' the core collapse produces highly disordered
material, quite unlike the case of metals. Conversely, if the ejected
atoms are able to escape then the vacancy rich "void" is left. This is
48usually termed a depleted zone.
42So-called thermal spikes have also been postulated. It Is
sometimes possible that a closely spaced group of atoms can each.
receive a sub-threshold amount of energy required for displacement.
(This Is likely to occur during channelling - see Chapter TV) This is
the equivalent of localised thermal heating and can lead to the
49 50acceleration of thermally activated processes.
From the foregoing it is not surprising that a comprehensive theory 
of radiation damage does not exist. Various attempts have been made to 
predict the amount and spatial distribution of radiation produced defects
The production  o f  d is lo c a t io n  lo o p s , probably by th e  c o lla p s e  o f
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and we shall now examine these but we must always remember that the 
predictions of such theory can be confounded because of post-irradiation 
defect motion.
2.3*2 Number of Displaced Atoms
The theory of cascade production is now well developed as a result
RT RP ~ R“^of the theoretical work of Kinchin and Peasef Neufeld and Snyder
5kand Harrison and Seitz. These models were based on a hard sphere
interaction. If the energy, T, of the incident atom after collision is
less than E^, then one would expect the incident atom to replace the
struck atom. In the early work this factor was ignored. If the average
number of defects created by a recoil atom of energy E is 7 (E) then
Kinchin and Pease predicts-
y  ( E )  s  ET for 2Ed < E < E i ..... (2.17)
lEd
y (E ) = JLl~ for E > E. ..... (2.18)
1  Ed 1
E^ is an energy at which the inelastic collision losses dominate the
elastic losses.
The Snyder-Neufeld model predictss-
V ( E )  = E  (2ol9)
1 7 8  Ed
While neither of these calculations Is* based on a realistic
interatomic potential, subsequent machine calculations using more
55 56realistic assumptions do not differ greatly In their results, with
the exception of the lowest primary energies. Such calculations appear
to be relatively insensitive to the form of the interatomic potential.
57 58They have been summarized by Kobinson 1 and Sigmund s-
y/Ej = F L i)..... (2.20)
'  1  E d
where F(E) is the energy lost by an ion In elastic collisions and k is a 
factor, of the order 0 .8, depending upon the exact form of interatomic 
potential chosen.
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These estimates of y (E) should really be considered as upper limits 
for the number of displaced atoms (for reasons such as channelling and 
defect agglomeration etc). It is, therefore, significant that most 
determinations of y (E) for silicon and germanium are significantly 
higher than these predications suggest. The possible reasons for this 
are described in Chapter 4.
2.3-3 Spafeial Distribution of Displaced Atoms
Here one is Interested primarily in the slowing down of the primary
incident ion, since all primary knock'on atoms will dissipate their
energy in similar cascades.
Early calculations^1""^ considered hard sphere interactions between
like incident particles and lattice atoms. Utilising the concept of an
incident ion mean free path between collisions, the spatial distribution
of defect cascades could be calculated statistically. The general result
for such a distribution is that of an ellipsoid of revolution with Its
major axis along the incident direction of the primary ion. Computer
31calculations using a Bohr potential^ confirm these general results.
65 66Sanders and Sigmund * have calculated the mean range of the 
damage distribution <X>b using a power law approximation to the 
Thomas-Fermi potential. The ratio of mean ion range ( R^) to mean damage tiepbk
as a function of incident ion mass, M^, to target atom mass, M^, is
shown in Figure 2.5* together with a similar result for the straggle 
of each distribution (i.e. ( A ‘Rp*)/<( )a Two curves result
depending upon the value of £ g -
(1 ) £ < 0 .2 and (2) 0.08 < £ < 2
Figure 2.6 shows the calculated range and damage distributions for 
various ions in amorphous germanium (after Sigmund and Saunders^).
67 68S ev era l experim ental r e s u l t s  19 confirm  th e  p r e d ic t io n s  o f  th e  m odel.
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2.3.4 Thermal Annealing of Radiation Damage
Most types of defect are bound within the lattice. If a certain
amount, of energy (Em) Is supplied to the defect it will be able to
migrate through the lattice, with the subsequent probability of
annihilation. The migration energy of simple Interstitials Is thought
to be between 0.1 and 0.5eV, with vacancy motion occurring at somewhat
higher levels for most solids. It is clear that interstitials produced
by Irradiation may be very mobile at room temperature, even in some cases '
as low as 20°K. The measurement of damage dependent parameters as a
function of temperature enables these activation energies to be
identified, although such an identification does not readily lead to the
defect responsible. Care must be exercised in the choice of the
"damage parameter". For instance the disappearance of ion implanted
* damage in silicon, as measured by the channelling technique, occurs at
a far lower temperature than electron microscope evidence would suggest.
The annealing of isolated disorder regions has been observed at
relatively low temperatures In silicon (250°C)^9 while the so-called
amorphous phase of silicon requires approximately 600°C before the
70damage re-orders. It has been suggested that the breakup of small 
defect clusters requires a lower temperature than that required for 
extended complex defects in heavily damaged material. For the 
"amorphous phase", epitaxial regrowth of the layer, from the underlying 
substrate is a distinct possibility. From the foregoing it should be 
understood that significant annealing may occur at room temperature 
and in fact this behaviour has been observed in gallium arsenide! 1 
To exploit the lower temperature required to anneal out Isolated 
defect clusters, several workers have implanted substrates held at
j £*
elevated temperatures. The rapid annealing of such clusters, prevents
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the formation of a highly disordered "amorphous" phase. The temperatures 
used in such experiments are usually far below the anneal temperature 
required to re-order a similar high dose room temperature implant^
The reverse effect is also observed, reducing the substrate temperature 
during implantation increases the amount of disorderI1*
2.3.5 Effect of Dose Rate upon Implantation Damage
The dose rate (i.e. the number of Ions Incident upon unit area per 
second) can affect the amount of radiation damage produced by ion 
implantation. The most obvious example of this occurs for very high dose 
rates. In such cases, the energy deposition In the implanted layer causes 
a large increase in temperature and thus helps considerably in the 
annealing of the damage produced, in a similar manner to "hot implantation"
mentioned above. An example of this type is the implantation of argon
2 -1 73into germanium at dose rates of lma/cm /sec by Zwangoba and Macdonald.
A decrease In radiation damage was apparent.
A second type of dose rate effect has been observed at much lower 
dose rates, where any thermal heating can £>lay no significant role. For 
example galiium arsenide suffers more damage at higher dose rates, thus 
emphasising that no implantation beam heating can be responsible. It is 
well known that gallium arsenide implantation damage can undergo some 
annealing, at around room temperature. If a similar annealing mechanism 
is at work during irradiation, then the final remaining damage will be 
both a function of the damaging (dose-rate) and the annealing that occurs.1. 
Thus more damage may' be expected at high dose rates. A modified form 
of the Vook and Stein model (used for predicting the dose required to 
amorphise the substrate material ^/silicon or germanium/7 as a function 
of substrate temp. °C) has been applied to the gallium arsenide case.
The annealing kinetics have been found to be second order with an 
activation energy of approximately 0.5eV.
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2 A  SPUTTERING
Sputtering is the term applied to the ejection of target atoms from 
a target surface, by means of energetic ion bombardment. The subject of 
sputtering is large and reviews of the topic may be found in the 
literature."^* ^
From the viewpoint of ion implantation the importance of sputtering 
lies in the erosion of the target material and hence the limitation 
that this places on the maximum amount of impurity that may be intro­
duced by implantation. Early work on the collection of isotopes from
isotope separators, using solid targets as collectors soon revealed
78this particular shortcoming!
\A rough estimate of this "saturation level" may be made by using 
rather crude assumptions. If the distribution function of the implanted 
ions is assumed to be a step function from the surface to some depth R
0within the target, then for a total dose of X ions/em a layer of t hi claries s
XS/N cm will be eroded from the target surface, where N is the number
■5density of the target (i.e. atoms/cm ) and S is the sputtering
coefficient of the ion/target combination (S is defined as the,number
of target atoms ejected per incident ion). To a crude approximation
this removed layer will contain (X/r )(XS/N) implanted ions. Therefore,
2the number of ions remaining in the target after a dose of X ions/cm 
will be X(l - XS/NR). After prolonged bombardment the rate at which 
Implanted Ions are sputtered away will equal the rate at which they' 
arrive. By differentiating the expression for the number of ions 
remaining with respect to time and equating this to zero (i.e. no change 
in the value of remaining ions) we obtain X = NR/2S. Substituting 
experimental values for the above quantities we obtain reasonable 
agreement, despite the fact that S alters as the-Implant concentration
-  2k -
increases and ah Incorrect assumption of the range profile has been used.
Theoretical analysis of such a system has been undertaken by WoIter and 
79others' using far more realistic assumptions,
2.5 SECONDARY ELECTRON EMISSION
In order to calculate Implanted doses it is necessary to measure
the integrated target current for each dose. Unfortunately, secondary
electrons are emitted during the process of ion bombardment (secondary
electron coefficient is defined as the ratio of electrons emitted per
incident ion). The emission of secondary electrons depends both upon
the incident ion and its energy as well as the nature of the target 
80material. Secondary coefficients as high as ten or more are not unknown. 
The usual method of secondary suppression is to use either an electrostatic 
or magnetic field to return secondary electrons to the target surface or 
to enclose the target in a Faraday cage arrangement.
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C H A P T E R  III 
GERMANIUM PROPERTIES AND PREPARATION
This chapter contains a description of the physical and electronic
properties of germanium, with special emphasis on material having a
high concentration of doping atoms (especially from groups III and V of
the periodic table). A simple model to explain the electrical effects
of radiation damage is also considered.
Details of sample preparation are given, together with a simple
method of discovering the crystal orientation. Finally a brief
description of the implantation process Is given-.
3.1 SOME PHYSICAL PROPERTIES OF GERMANIUM
Germanium is a brittle, silvery-grey element, belonging to group XV
of the periodic table. It is one of several group IVA elements to display
semiconducting properties - the other elements being carbon (diamond),
silicon and grey-tin. They all crystallize in the diamond type lattice,
with each atom tetrahedrally surrounded by its four nearest neighbours.
The chemical bonding between nearest neighbour's is essentially covalent.
The structure may be described as a combination of two interpenetrating
face-centred cubic- lattices displaced from each other by 0 .25a (where a
is the side of the lattice unit cell). The free atoms of the element
have an outer electron configuration in which two electrons occupy an
s-state and two others a p-state. In the solid state, the total of
four outer electrons per atom is just sufficient to produce an electron
pair bond with four other atoms, the angle between any two bonds being 
oapproximately 109 .
Because of the rather strong nature of the bonds, one would expect 
that the electrons would require a certain amount of energy to set them
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free to the extent that they would be able to move about the crystal.
This is in agreement with the fact that, at very low temperatures, 
germanium becomes an insulator.
It is of interest to consider how some of the physical properties 
of these elements vary in a regular fashion with their position in the 
periodic table. As the atomic number increases, the binding forces 
decrease and the interatomlo distances become larger. Table fill gives 
some physical constants for diamond and silicon as well as germanium.
Elements of group IIIA and VA used to "dope" germanium are
believed to be incorporated substitutionally in the lattice. This
supposition is supported by the fact that the diffusion coefficients
of these elements lie in the same range as those for self-diffusion,
2thus Implying that diffusion occurs by a vacancy mechanism. Some 
elements, notably copper, nickel and lithiun* have an extraordinarily 
high diffusion rate in germanium ( 10""''* cm^.sec*”1 at ^  750°C)
and it is of vital importance that these elements are not present 
during any annealing processes otherwise highly anomalous electrical 
results are likely to occur. It Is also important to have some 
idea of the diffusion constants of the implanted species, in order to 
estimate any departure from the implanted impurity profile caused by 
diffusion during annealing. Published data on the diffusion of group III 
and group V elements in germanium is given in table 3.2. Care should be 
exercised in applying this data to implanted material because the 
quoted dlffusivity data applies only to good crystalline material. 
Diffusion usually takes place via existing lattice defects and hence 
anomalous diffusion phenomena are to be expected in radiation damaged 
material. In general, enhanced diffusion would be expected although 
implanted ions could form stable complexes with damage centres and thus 
reduce their dlffusivity. The quantities listed in table 3.2 are
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PROPERTY DIAMOND SILICON GERMANIUM
Lattice Parameter (a) 
(Angstroms) 3-561 5 ok3086 5-65?k8
Melting Point (°C ) 3550 lk20 936
Dielectric Constant (e) 5*7 12 16
Debye Temperature 
(Qd ,°K) 1800 658 362
Energy Gap Efi (eV) aj 7 1.21 0.785
Density (gms.cnT2) 2-33 5-3 3
Atomic Number 6 lk 32
Atomic Weight 12.011 28.09 72.6
Number Density- (Atoms/cc) 2?k .96 x 10 22•k.kl X 10
Intrinsic Resistivity 230,000A- cm k7^icm
Work Function (eV) 5 -0 k .8
Coefficient of Thermal 
Expansion (Linear.) k .2 x i o “ 6/°c 6.1 x io ~ 6/°c
Intrinsic Carrier Cone 1 .5 x 1010/cm-5 2.35 x lO^/cnr5
FIGURE 3*1 Some Physical Constants of Germanium, Silicon and Diamond 
at 300°K.
SOLUTE dq (cm2/sec) Q ev
1 .1 x 10T 4.54
1 A1 1.6 x 102 3*24Group III
f Ga 40 3*15
Acceptors
In 33 3*03
V T1 1 .7 x 10-5 3*42
f  p 2.5 2.49Group V
As 10.3 2.51
Donors
Sb 3*2 2.42
^Bi
—-... — ..
FIGURE 3*2 Diffusivities of Group III and 
Group V Elements in Germanium
... ... . . 
DOPANT
IONISATION ENERGY (eV)
Germanium Silicon
/B + 0.0104 + 0.046
Group III
I Al + 0.0102 + 0.057
Acceptors
Ga + 0.0108 + 0.065
In + 0.0112 + 0.016
V T1 + 0.01 + 0.026
r p - 0.0120 - 0.044
Group V |
As - 0.0127 - 0.049Donors |
Sb
Bi
- 0.0096 - 0.039
- 0.069
_— - ---
FIGURE 3*3 Ionisation Energies of Group III
and Group V dopants in Silicon
and Germanium
(N„B. +ve represents measurements from the valence 
band and -ve from the conduction band.)
defined as follows?
(3.1)
Equation 3.1 is Fick’s First Law, linking J, the one dimensional 
diffusion flux, to the concentration gradient of the diffusing species.
The temperature dependence of the proportionality constant D is given by?-
where Dq is a temperature independent factor and Q, is the aotivation 
energy of the atomic jump mechanism. The quoted diffusivities are 
applicable to a low concentration of the diffusing species ( ^ 0 .1 atomic 
percent).
The problem of impurity concentrations must now be considered. We
have seen from Chapter two that the distribution of implanted ions is
usually gaussian for low energy high mass ions. This implies that even
1 3  2for medium dose implants ( ^  10 ^ lons/em ) the implanted ion density at
the peak of the gaussian may easily be in the region of lO^-lO1^ ions/cm^ 0
Assuming that the implanted profile is relatively unohanged by lattice
re-ordering it is a very real possibility that the solid solubility
limit of the impurity will be exceeded. Precipitation of the Impurity
from the lattice is then likely to occur, followed by the formation of
complexes and/or agglomerations. Needless to say*this is highly
, kundesirable behaviour. Trumbore s work on solid solubilities in silicon
and germanium, although not comprehensive, gives the solid solubility
limit as a function of temperature, for several elements of Interest.
In general, the solubility increases with temperature until just below
the melting point of the crystal, when a sharp reduction in solubility occurs.
Heavily doped semiconductors can be regarded as dilute solutions
even at*the highest possible impurity concentrations (e.g. the maximum
20 3solubility of arsenio in germanium is 2 x 10 atoms/cnr representing 
only 0.4 atomic peroerit). Unfortunately, the impurity-impurity interaction
(3.2)
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cannot be ignored at these concentrations and such behaviour dominates 
the electrical characteristics of heavily doped germanium (see section 3 -2) 
It can be demonstrated^ that the law of mass action can be applied to 
heavily doped semiconductors and amongst other interesting results it 
can be shown that the solubility of a donor species can be reduced by 
the presence of acceptors and vice versa.
There have been suggestions of several interactions which can 
appear in heavily doped semiconductors. One of them suggested by Teltow? 
infers that in silicon and germanium a pair of donor ions, e.g. phosphor us 
can form a stable hydrogen like molecule. There is, however, no 
experimental verification of thisf Frisch has predicted, theoretically, 
the formation of polymeric aggregates B.C. by the reaction 
AB + AC = AA + BC where components B and C are dissolved ih. substance A 
Teltow has concluded that aggregates up to 2000S radii may be formed.
Again this reaction has not been confirmed experimentally. Vacancy-vaeaney 
vacancy-atom and vacancy-ion interactions have not been Investigated 
but could be important in the heavy doping case because Longini and Greene^ 
have shown that the number of acceptor vacancies, for example, will be 
larger in semiconductors containing NR donors, than in the pure
osemiconductor. This has been neatly confirmed by Valenta and Ramasastry. 
They measured the self-diffusion of germanium in germanium heavily doped 
with gallium and also in a similar sample heavily doped with arsenic.
As predicted by Longini and Greene the n-type crystal self-diffusion was 
greatly enhanced over pure germanium and the p-type self-diffusion 
was decreased.
Attraction and repulsion may occur between defects in solids because 
9of lattice strain or electrostatic forces from charged defects. In 
predominantly covalent crystals, such as germanium, vacancies would be
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expected to repel eachAother due to lattice strain considerations and
(when they are ionised) by coulombie repulsion. Very little information
exists on whether vacancies are associated with impurity ions or atoms
in covalent semiconductors. Since vacancies are likely to toe charged
at low temperatures1^ it is reasonable to suppose that stable pair
11formation is likely with oppositely charged lattice ions.
In the following it will be assumed that the reader is familiar 
with the basic band structure theory of semiconductors, excellent
Intrinsic conduction occurs only in very pure semiconductors.
The only type of conduction possible in this case, occurs when an 
electron gains sufficient energy to break free from its bond and is 
able to wander through the lattice. Every free electron thus produced 
leaves behind it a "hole" with a charge opposite in sign to the electron. 
Conduction takes place by the movement of electrons and holes in opposite 
directions. The concentration of intrinsic holes and electrons are 
usually denoted by and for true intrinsic conduction ru = 
and their magnitudes are a function of temperature. In practice 
semiconductors contain impurities which can’ be both donors or acceptors 
and it is these impurities which normally dominate the conduction process. 
If the electron concentration is dominant then the material is n-type 
and if the hole concentration dominates, the material is said to be 
p-type. If the concentration of holes and electrons are equal, the 
material is said to be "doped intrinsic" or more commonly as "compensated 
material" because the resistivity of the material is the same as the 
intrinsic resistivity. Material may also have intrinsic resistivity if 
the concentration of trapping centres is very high. A few characteristics
Properties of Germanium
accounts of which may be found in work by Dekkgr12
3  0  -
of intrinsic germanium are listed below?-
(electron density) x (hole density) = 9.3 x lO^1 Ip exp (-87OO/T) per cm^
Density of carriers (at 300°K) = 2.5 x lO1^ cm**^
Intrinsic resistivity (at 300°K) = 47 ohm.cm
In the case of doped material, the donor or acceptor atoms are
normally fully ionized since the impurity levels are usually at least 
3kT from the Fermi level and hence the conduction process is almost 
entirely extrinsic (i.e. dependent upon impurity carriers). It should 
be noted, however, that for a sufficiently high temperature, intrinsic 
conduction will dominate because the following relationship holds1^?-
n.b * 1 -3 3 * T 3j u b  ( - € & /k .T )r \ m  / ..... (3°3)
where ra^  and are the effeotive masses of the electrons and holes,
m is the electron mass and€G is the semiconductor band gap. From
equation 3 .3 it can be seen that by a suitable choice of temperature,
the number of intrinsic holes and electrons can always be made greater
than the number of Impurity carriers.
Elements of group IXIA should become acceptors on a substitutional
14site while group VA elements should become donors. This is to be
expected from simple theory and is confirmed by experiment. Similarly,
substitutional zinc would be expected to display divalent acceptor
properties, which it in faot does. In band structure terms this means
that pentavalent atoms give rise to donor levels close to the conduction
band. When the Impurities are ionized, one then gets electron
conduction in the conduction band and similarly for trivalent dopants
15one gets hole conduction in the valence band. Table 3*3 ' gives details 
of impurity energy levels in germanium for some common dopants.
There remains the vexed question of what electrical properties do 
group IIIA and VA elements display when they are in, say, an interstitial
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lattice position. It is known for instance that lithium is able to
16display electrical activity on interstitial positions. It appears to
form ion pairs with substitutional dopants such as gallium in germanium.
The lithium compensates the gallium electrically and hence reduces the
carrier concentration. It is possible that this mechanism applies to
17all interstitial group IIIA and VA dopants, when they occur, 1
Electrical Properties of Radiation Damage in Germanium
18The model of James and Lehman gives some insight into the 
electrical effects of radiation damage in germanium. Consider a 
semiconductor already containing densities of shallow donor and acceptor 
states and which are completely ionized at room temperature. When 
such a material is bombarded with fast nucleons, equal numbers of 
interstitials and vacancies are produced by the induced Frenkel defects. 
It is reasonable to suppose that irradiation has produced N donor levels 
at some energy below the conduction band and an equal number of 
acceptor levels at energy (E^ - E^). Hie electronic equilibrium is now 
given bys-
- (No~Nfl)+ -  N _ N ____
1+$, +€0) l + jgfl
where £ - [fc  j and ^ .. ^
The symbols having their usual significance. This model has some 
interesting characteristics. Consider a semiconductor which is n-type 
to start with, and suppose that both sets of defect levels are
well below the conduction band, then equation 3 °k simplifies tos-
a. &  ( Mb -  Nr) -  N ..... (3 .5 )
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fo r  which s i t u a t io n s -
4  »  Ec -  Kt  [
N d - N a - N
Nc oo (3*6)
The fall of the Fermi level, 0, with increasing N is at first very- 
gradual but as N approaches (N^ - N^) this fall becomes cataclysmic and 
type conversion ensues. This can best be seen from Figure 3*4. When N 
becomes large compared with JN^ - N^S> the last two terms of equation 3*4 
are essentially equal and the Fermi level adopts an energy intermediate 
between (E^ - E^) and (E^ - E^). By equating these two terms we obtains-
(Note that the P terms refer to the spin degeneracy of the donor and 
acceptor levels.) The change of Fermi level is less dramatic for 
material which was originally p-type but a break in the behaviour of 0  
still occurs when N exceeds (N^ - N^). Whether 0 rises or falls as a 
result of heavy irradiation depends on the energies E^, and on the 
original value of-(NA - ND).
For a material in whLch the defect levels straddle the intrinsic
Fermi level 0 irradiation will tend to make either n-type or p-type
19material virtually intrinsic, a situation which occurs for silicon.
Although the above model correctly predicts the behaviour of irradiated 
silicon and germanium, it appears that as evidence accumulates, this 
simple approach is no longer adequate. For example, vacancies and 
interstitials themselves are likely to have more than one level of 
ionization. It Is only fruitful to consider .more elaborate models in 
relation to experimental data. In the ease of ion implanted material, 
where the radiation damage cannot really be considered in terms of 
Frenkel defects, -it is surprising how accurate the simple James and Lehman 
model is in general terms.
N (cm-3)
Fig. 3.4 Variation of Fermi level with Frenkel 
pair density for germanium.
18(Jam es  and Lehman model)
impurity concentration ( c i t T ^ )
Fig. 3.5 Effect of incomplete ionization at high 
impurity concentration for Ga or In in 
germanium at 400 °K.
Broken lines represent various percentages 
of acceptor ionization.
At low impurity concentrations, local energy states are formed in 
the forbidden band of a semiconductor. Since the impurity atoms are far 
apart, there is no interaction between them. When the number of carriers 
in the allowed bands are small, these carriers obey the Boltzmann 
statistics, which ignores the quantum indistlnguishability of particles. 
The level of doping at which there is practically no interaction between 
impurity atoms (and the electron "carrier gas" obeys the Boltzmann 
statistics) can be called a low degree of doping and the corresponding 
semiconductors are called lightly doped.
When the degree of doping Is increased beyond this level, the 
average distance between the impurity atoms decreases and consequently 
these atoms interact, i.e. the wave functions of the electrons of 
neighbouring impurity centres begin to overlap. In this case, local 
energy levels broaden out to form an impurity band. This process is 
accompanied by a decrease in the ionization energy of the Impurity 
atoms. Such a degree of doping may be called moderate.
When the impurity concentration is Increased still further the 
ionization energy falls to zero, I.e. the impurity band merges with the 
conduction band (in the case of donor impurities) or with the valence 
band (in the case of acceptor impurities). Thus, a single allowed 
band is formed in a crystal. This is the case of a high doping level 
and the corresponding crystals are called heavily doped.
The high carrier density in heavily doped material requires the 
application of the Fermi-Dirac statistics. Since a gas of particles 
obeying such statistics Is known as degenerate, the term "heavily 
doped semiconductor" is frequently Identified with "degenerate 
semiconductors". This is not strictly correct because a crystal may
3o2o3 'E le c t r ic a l  E f f e c t s  in  H eav ily  Doped Germanium
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contain a number of impurities such that the electron gas is degenerate 
at room temperature, but at high temperatures the degeneracy is lifted 
because of the appearance of intrinsic conduction.
Dopant atoms are fully ionized in the heavy doping case and the 
large number of ions affects the behaviour of electrons m d  holes - if 
only by scattering. At extremely high dopant concentrations the problem 
becomes more chemical in nature and chemical action between the impurity 
ions becomes highly probable.
Bearing in mind the ease with which high doping concentrations may 
be obtained during ion implantation each of these processes will be 
considered in more detail.
Consider donors with an energy level in the band gap at and a 
- 3concentration of cm then the number of donor states which are 
unoccupied (i.e. ionized), ND+, is given by
Ep being the Fermi level.
If the number of ionized donors is much greater than the number of
where g(E) is the density of states function for the conduction band
(including the spin degeneracy factor) and E Is the energy correspondingc
to the bottom of the conduction band.
For spherical constant energy surfaces in k-space
N
intrinsic carriers, then we can equate to the number ®f conduction 
electrons n.
Be
cl E
(3*10)
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where m is the effective mass. In silicon and germanium the energy
surfaces are not spherical but ellipsoidal and the minima are not at
k 20= Oo However, it can be shown that equation 3<>10 still applies if
*  «  St 1we replace m by m^, the density of states effective mass' given by?-
J Y t i  ~ M  3 ( i f r i  m i.  r n j )  J  ooooo (3 6i i )
where M = number of equivalent minima (4 for Ge, 6 for Si) and m^,
and m are the principal components of the effective mass,3
Acceptors can be treated in exactly the same way by considering the 
energy co-ordinate to be reversed. Equations 3,8, 3,9 and 3.IQ, with 
appropriate changes of sign, will then apply to p~type material. For 
the valence band edge, the constant energy surfaces are spherical but 
there are two degenerate maxima at k = 0. We can write in this case?-
••k Vi 3m jr*  •— na, x + rw. / 2 . . . . .  (3 .1 2 )
where m^ and m^ are the appropriate effective masses for each band.
Evaluation of m^ for both electrons and holes gives for electronss-
= 1.1 in Si and 0.55 in Gej for holes?- m^ = 0.57 in Si and 0.37 in Ge<
We have to evaluate the integral in equation 3°9* in order to 
determine n. In the non-degenerate region the equation can be simplified 
since - Ep > 3kT and therefore?-
E - E f
( ^ ) » s
and the equation can be solved analytically. However, in the degenerate 
region, the equation cannot be simplified and the full Fermi function 
must be used, the Integral can then only be solved by numerical methods. 
Appendix A gives details of such a computational technique, which also 
allows for the varying density of the Implanted ions throughout the
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implanted layer. Figure 3-5 gives the computed results for gallium and 
indium at 100°K.
Unfortunately, the predicted curve shown in Figure 3-5 is in error,
due to the impurity centre wave functions overlapping and lowering the
ionization energy, eventually to zero. As the wave functions 'overlap,
Individual electron levels broaden to form an "impurity band". A level
broadens symmetrically above and below Its original position and thus the
values of E^ and E^ become smaller. Such a reduction of these energies
21 22are found experimentally. * Results for arsenic In germanium are
shown in Figure 3-6. It is unnecessary to consider the phenomena further.
18 -3Suffice to say that at impurity densities of ^10 cm all impurities 
are ionized.
Figure 3-7 illustrates the experimental behaviour of carrier density,
as a function of impurity concentration, for germanium doped with arsenic 
22 2kand antimony. * To account for the anomalous properties, one has to 
assume that the carrier density (determined by the Hall effect) is less
I
than the true impurity concentration. One reason for this could be due
to a Hall coefficient whloh is greater than unity. However, tan analysis
23of the Hall factor by Omel’yanovskI, allowing for the mixed scattering,
has shown that it never differs from unity for heavily doped samples.
Having shown that this effect cannot be due to Incomplete Ionization, there
remains the possibility that the dopants are in a form which do not
exhibit donor properties. Fistul has found that there exists a definite
2kcorrelation between the solubility limit of the dopant. The higher the 
solubility limit of an impurity the higher are the concentrations at 
which deviations from the k5° slope occur.. It must be emphasised that 
these deviations occur long before the solubility limit is reached.
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Fig. 3.6 Ionization energy for Arsenic Donors in
Germanium as a function of average density 
of Arsenic.
o experimental points ref 21
solid line-calculated relationship ref 21
dopant conc. Qcm"3}
Fig. 3.7 Compari son of the carrier density with 
the concentration of AsondSb impurities in
. . 1
Germanium and Silicon.
\ Ge-Sb
2 Ge-As )■ Ref 24
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The above behaviour1 has been termed "polytropy" by Fistul and has
been observed for a wide range of dopants and semiconductors, including
26 25 27silicon, germanium and gallium arsenide.1 The general concensus of
opinion is that the electrically inactive fraction of the dopant Is in
the form of a chemical compound with the semiconductor e.g. SiAs and
24Si^As have been observed by Fistul. However it is more than probable
32that more than one process is at work and impurity atmospheres have
31been suggested as well as second phase occlusions. Much work remains 
to be done in the field and at the present time no generally acceptable 
theory exists.
3.3 PREPARATION OF GERMANIUM FOR ION IMPLANTATION
The germanium was purchased commercially from Hoboken Limited.
It was in the form of ingots, ten centimetres in length and approximately
two centimetres by two and a half centimetres in cross-section. The
major axis of the Ingot coincided with the <L11> crystalline direction.
Wafers approximately two millimetres thick were sliced from the ingot
using a diamond saw. The wafers were then waxed to a glassplate and
diced into squares pf side 1.5cms, for the electrical specimens, and
side O .75 cms for the Rutherford backscattering experiments. One
side of each sample was grbuhd by hand on a glass block, using 600 mesh
silicon carbide slurry as an abrasive.
It was found that the final topography of the sample (e.g. etch pits)
did not affect the Rutherford backscattering results, provided that
the gross mechanical damage due to sawing and grinding was removed by
etching. This being so, the Rutherford backscattering specimens were
P8etched for two minutes in CP4'etchant (15HP2 25 HNOy 15 CH^COOH).
Care was taken to agitate the samples during etching, to remove bubbles 
from the samples surfaces, thus preventing uneven etching rates. Any
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large scratches, which had not been removed by mechanical polishing, were 
revealed after etching due to the differential etching rates between 
damaged and undamaged material. Any samples showing such defects were 
rejected and reprocessed.
It was considered that the topography of the "electrical samples" 
was of more importance. Rough surfaces and etch pits were considered 
undesirable because of the distinct possibility of electrical breakdown 
in the p-n junctions formed by implantation. After grinding with 
silicon carbide, the samples were ground with lOp (micron) diamond paste
pAand then etched in "Iodine etch A"7 (5HFs 10 HN0_,s 11 CELCOOH plus
30mg of dissolved iodine). This etch produced a very flat, pit free
surface, very suitable for the proposed electrical experiments. For
both types of specimens, after etching the samples were washed In
de-ionised water and vacuum dried in a dessicator.
The goniometer in this work possessed two degrees of freedom
both at right angles to each other and to the analysing beam.
Channelling along the <L11> direction therefore presented few problems.
However,;the <L10> direction was not easily found, as a 3^0° rotation
about the beam axis was not possible. Channelling along the <L10>
was considerably helped by a knowledge of the direction of the <L10>
with respect to the known <L11> direction (N.B. the <111> direction
( is normal to the sample surface to within a degree or so). A simple
method of discovering the desired relationship was to examine the
orientation of the etch pits as they Just became visible to the naked 
29eye. Using CPk etchant on <L11> material, initially produced triangular’ 
etch pits. If the etch was quenched at this stage and the crystal was 
examined under a low powered microscope the <L10> directions were 
indicated by the apexes of the triangular etch pits. This behaviour 
Is presumably explained by preferential etching along the KllOj planes.
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Implantations were carried out using the Aldermaston 70keV isotope 
separator. The implantation beam was focussed to a spot on target which 
was then swept in a raster fashion over the target area. The periodicity 
of the X and Y scan bore no simple relationship to each other and hence 
the raster tended to "tumble". Thus ensuring good uniformity of 
implantation across the target area.
Samples were clamped onto a tapering block of aluminium, which 
could be rotated to expose each face of the block to the beam in turn.
(The 7° taper was intended to minimise channelling of the implantation beam.)
The block assembly had provision for temperature monitoring via 
a thermocouple and the entire target assembly was located in a large 
Faraday cage. Mounted just in front of the beam entrance aperture of 
the cage was an insulated aperture which could be bias crd negatively 
up to 180 volts. The beam X and Y sweep were adjusted to ensure that 
the beam just passed through the aperture without striking it so that
3 c 4 SPECIMEN IMPLANTATION
no secondary electrons from the aperture were repelled onto the target.
The current Ion was taken from the target block itself and the
surrounding cage. The negative suppressor plate was relied upon
to stop secc _ ectron emission from the target. Total Integrated 
doses are probably in error by 15# or so of their absolute value. 
However, the relative error between implantations is probably no worse
for the Van der Pauw measurements (see Chapter five) were 'simply met 
by using masks cut from thin stainless steel. First the contact areas 
were implanted through the appropriate mask and then annealed. The test 
area was then implanted using a square mask.
than 5#«^
The special requirements for the implantation "pattern" needed
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C H A P T E R  IV 
CHANNELLING AND RUTHERFORD BACKSCATTERING
4.1 INTRODUCTION
Channelling is the term applied to the steering of energetic
particles along a particular crystal plane or row. This steering is
accomplished by the interaction of the channelled particle and the
"average potential" of the rows or planes of atoms. Channels formed
between planes of lattice atoms are referred to as planar channels and
channels formed by rows of atoms are called axial channels. Axial
channels are, in fact, formed by the intersection o,f two or more major
planar channels. Because of the systematic steering of a channelled
beam away from rows or planes of atoms, close encounter phenomena such
as nuclear reactions ,and Rutherford scattering collisions are suppressed
Channelled beams therefore undergo less nuclear stopping and, as a result
their ranges are increased above the values indicated in Chapter two.
The concept of channelling is not new. It was first predicted by 
1Stark over sixty years ago and the phenomena was rediscovered by 
2Robinson and Oen during computer simulation of ion trajectories in
crystals. Direct observation of channelling was made soon afterwards
3 4 5 .by several groups. * An excellent early survey of channelling has
been given by Datz et al?
4.2 CHANNELLING THEORY
Channelling can be -successfully treated in terms of classical 
dynamics alone. An alternative interpretation based upon diffraction 
of de Broglie waves by the lattice has been attempted by de WamesJ 
but such a treatment will not be discussed here.
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Lindhard*0 has expressed the potential, at a distance r from the 
row or string in the X direction (i.e.rat right angles to the row), as?-
fj-i . J
' J • Ci * v   (1^ .1)
where \J ( J X 1 ■* ) is the ion=atom potential and d vis the interatomic
spacing along the row. (To a first approximation lattice vibration 
is ignored.)
The motion of a channelled ion can therefore be described in terms 
of an effective transverse potential U(£), consisting of a sum of row 
(or plane) potentials. ( ^ is the position vector relative to the 
channel symmetry axis.) Thus an ion will experience an effective 
restoring force, - U ’(^ ), directed .towards the axis. Hence the transverse 
motion of the particle is oscillatory. This treatment is valid, provided 
the particle does not come too close to a row and that the particle 
trajectory varies slowly with the number of collisions.
A treatment based upon momentum considerations reaches similar 
8.9conclusions. The following sections deal mainly with light high 
energy ions, although section k.2.5 deals with some aspects of heavy 
ion channelling. 
k.2.1 Axial Channelling
The transverse potential to which a channelled ion is subjected 
is, to a first approximation, the sum of the rows bordering that 
particular channel. Thus
ft
U ( / d ) = 2  U R0W (I/? r J )
. . . . .  (k.2)
where fa is the position vector of the nth row bordering the channel
(relative to the channel axis) and n is the number of rows associated&
with the channel.
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From equation 4.2 it can be seen that the potential U(ft) is 
independent of the ion energy E. It, therefore, follows that the 
energy associated with the transverse motion is constant, i.e.
El * + U (fi) o As channelled ions move at small
angles "jr to the channel axis (Fig.4.1) we can write Vf ~  V 'j/ ,
Vi. OL V„
Henoe’ Ej. = E f t  + U (p) ...... {k‘3)
Provided the kinetic energy of the transverse motion is much less than 
the longitudinal motion, the two motions may be treated separately. For
the simple two row case in Figure 4.1 the transverse amplitude
is given bys-
u  t/k) = E ...... (I*.io
where f o  is the angle of the trajectory as it crosses the axis.
The exact form of the.trajectory will depend upon U(yg ) which In
turn depends upon the interatomic potential V(r), For light energetic
ions in a heavy lattice, the screened coulomb potential is appropriate.
The string approximation will fail if a particle which is
channelled is allowed too close to a string and undergoes a large
angle collision. Thus we can define a distance r , , for a minimummin
distance of approach to a string and for the particle to remain
10channelled. Lindhard has suggested that r . is of the order of00 m m
the atomic screening radius. When the transverse kinetic energy E 
exceeds the potential barrier the particle will beRow
dechannelled. For a Thomas-Fermi potential, the screening radius oT££ 
has been described in Chapter two. Substituting this value, we 
obtain a value for the critical angle of channellings-
~ oft ~ oft L , jjrWtcLol ^  ..p.. (4.5)
» t cl
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a) cross section of a typical axial channel.
O O O O O O O O
Vj_
b) a channelled trajectory between a pair 
of atomic rows.
Fig. 4.1
which is the case for h > £ 53 %2i Zz H^el /  Qrp ° The other
symbols have their usual significance and is a temperature sensitive 
constant of the order of one11 For E < E f the critical angle is given by:
* *1 n  = ^ 4  .yfT ; ~ I  ....(4.6)
where C is a constant of approximate value -/5 and V  is again a
temperature sensitive constant of order unity.
4.2.2 Planar Channelling
At a distance y from a plane, the planar continuum potential is 
10given by
Vp ( y ) * N d >  / n r r d r V  (£ (4.7)
where is the atomic density of the plane, dp being the distance
between planes. The planar continuum potential is not so easy to justify,
however its use proves adequate. The critical angle is calculated in
12a similar manner to the axial case, the result being s-
(Vc )p«.0NAR - / 3  J  Z, i 2 %i H  cl j? QTF / 1 ™ . oooo. (4 .8 )
is only weakly temperature dependent and is in the range 1,5 to 2.0.
4.2.3 Blocking
Blocking follows as a natural consequence of the reversibility
10principle first stated by Lindhard in his theory of channelling.
Blocking is effectively the reverse phenomena to that of channelling.
In channelling an atom or ion will "channel" if its angle of incidence 
to a given row or channel lies within the critical angle. Consider 
now the situation of a particle which emanates from a lattice site, 
because its transverse energy exceeds the potential barrier for 
channelling (by definition) it cannot therefore emerge from the crystal
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within the critical angle for channelling, characteristic of a particular
13row or plane. Blocking was first demonstrated by Tulinov et al and
Gemmell and Holland^
k.2.k Dechannelling
If the angle between the channelled ion’s trajectory and the channel
axis exceeds the critical angle for channelling (y'e), then the ion will
leave the channel and become dechannelled. Such dechannelling can occur
from both single and multiple scattering events provided that the total
deflection is greater than . Lindhard has shown that .single scattering
can usually be neglected in most cases concerning dechannelling from good 
15crystal. The main processes which give rise to multiple scattering 
are the thermal vibrations of lattice atoms, defects and impurities 
within the crystal and lattice electrons. Multiple scattering also 
can occur within the highly disordered layers produced by ion 
implantation. Although in extreme cases, it is strictly a process of 
decollimation of the analysing beam rather than dechannelling, in such 
cases the scattering process may not necessarily be multiple scattering.
For 2.0MeV helium and silicon, multiple scattering predominates while 
for germanium1^*10 and tungsten^ single scattering seems to dominate.
Ions that are dechannelled become a part of the random beam and 
the chances of it re-entering a channel are remote. Examination of 
backscattering spectra of channelled beams reveals that dechannelling 
increases with depth as one would expect. This dechannelling is • 
partially offset by th*e fact that the critical angle increases
as the energy of the channelled particle decreases. 
k.2.5 Channelled Energy Losses and Ranges
The energy loss process for light energetic ions in solids is 
mainly electronic in nature and may be readily calculated (see section 2.2.2)
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for a random direction. For a well channelled particle with low 
transverse energy the electronic stopping will be characteristic of 
the electronic density along the centre of the channel which is 
significantly lower than the "average" electronic density. The 
resultant stopping power (S*(E) ) is significantly less than the 
random stopping power S(E). The ratio S(E)/S*(E) has been estimated
. 19to be 0.3 to 0.6 for a well channelled beamA Particles possessing
large transverse energies are able to sample the high electronic
densities close to a given string.*. These particles?because of their
oscillatory nature,spend most- of their time in this region of high
electron density. An average value of stopping power for a channelled
20direction has been suggested by Mayer to be S*(E) = 0.8 S(E).
The choice of "channelled stopping power" depends to a large 
extent upon experimental conditions. For example,for implantation 
studies producing a heavily disordered layer, then one would be 
justified in assuming that S*(E) = S(E). On the other hand for a 
highly collimated beam exploring a near perfect crystal at low 
temperature S*(E) = 0.3 S(E) would not be unrealistic.
Because of the lower value of stopping power one would expect 
a corresponding increase in the range of an implanted ion which is 
channelled. Figure k.2 shows the range distribution of 500keV krypton 
injected along the <111> direction in tungsten?^ Tungsten is 
an ideal choice for demonstrating heavy ion channelling because its 
lattice vibrations are of small amplitude at room temperature, thus 
reducing dechannelling. It also suffers relatively little "damage" 
under bombardment and hence its channels do not easily become blocked 
unlike most semiconductors. The two peaks A and C correspond to the 
amorphous and channelled ranges respectively. The latter is due to
-  k6 -
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Fig. 4.3 Effect of misalignment and surface disorder 
on the range distribution of 40keV Xe 
injected into S ilicon  at 25°C.
particles which remain well channelled throughout their entire path and
is characterised by a sharp cutoff or maximum range R . Suchmax
22 23behaviour is observed for germanium and to a lesser extent silicon. 9
In well aligned tungsten crystals region C is usually the most
dominant feature at energies greater than lOOkeV. In most other
crystals,dechannelling is usually dominant at room temperature, even
for well channelled beams. Dechannelling causes most of the particles
to end up in the intermediate region B. The resulting distribution
then appears as a roughly exponential tail with an eventual cutoff at
R . In some cases the concentration falls below the sensitivity of max
the profiling technique long before reaching R so the cutoff ismax
not observed. Factors which affect the channelled range distribution 
are discussed briefly below, 
a - TEMPERATURE DEPENDENCE
The lattice temperature governs the amplitude of vibration of the 
crystal atoms and hence the degree of dechannelling which occurs.
t
No significant change occurs in region A while region B increases 
and region C decreases, 
b - BOMBARDMENT DOSE AND DOSE RATE
The total bombardment dose will strongly influence the channelled 
range distribution because of the lattice disorder produced, which
in turn destroys the lattice structure required for channelling.
.22 * 24 25Davies and more recently Gibbons 9 have shown that for semiconductors
13 -2a dose of ^10 ions.cm is sufficient to drastically reduce channelling. 
In material which exhibits pronounced dose rate dependence of damage 
the study of channelled range distribution reveals valuable information 
on damage levels which are below the sensitivity of conventional
l . 26Rutherford backscattering and channelling techniques.
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c - SURFACE DISORDER AND MISALIGNMENT
Figure 4.3 shows the effect of a 7° misalignment and also a 200$ thick
125oxide layer on the measured implantation profile of a 40keV Xe beam
in <L10> silicon. The profiles shown are Integral profiles and to obtain
the concentration profiles (as shown in Figure 4.2) they must be
23differentiated. Dearnaley et al found it desirable to maintain a 
beam divergence of 0.1° and a beam to substrate (or rather channel) 
angle of ^  0,1° in order to obtain reproducible profiles.
At this point if must be emphasised that even by tilting a crystal 
deliberately off axis, well away from any low order axial or planar 
channels, channelling cannot be suppressed entirely. High order channels 
cannot be ignored and there is always a minute fraction of the beam 
which is scattered into channels. For the production of Junctions in 
semiconductors such unwanted channelling is rather troublesome because 
the Junction depth may be determined by this small channelled fraction, 
especially for high resistivity (low dopant concentration) material.
It is also worth noting that even in polycrystalline material the 
range profile is not truly "amorphous" because a small fraction of 
the polycrystals will be oriented to favour channelling, 
d - THE MAXIMUM RANGE Rmax
This quantity does not depend upon bombardment dose, dose rate,
lattice temperature, surface contamination, small misalignments or
beam divergence. It depends upon substrate crystal, crystal direction
and projectile characteristics. R for tungsten approximates verymojc
Q*5closely to E a dependence of electronic stopping (see Chapter two).
For such a channelled beam nuclear stopping is negligible. This leads 
to the apparently anomalous situation for well channelled ions of equal 
energy, the higher the mass the lower the velocity and hence the lower
- 48 -
the stopping power. Thus contrary to the case for amorphous ranges, where 
nuclear stopping usually dominates channelled particles of high mass 
penetrate deeper than low mass particles.
Unfortunately, the oscillatory behaviour of electronic stopping
power with Z- (projectile atomic number) make predictions of Rx max
difficult. The Z^ oscillations do not greatly affect the amorphous 
range R because nuclear stopping usually predominates. However, 
because electronic stopping predominates for channelled beams,factors
of ten are not unknown for oscillation in stopping power with variation
27 21of Z^. Figure k.k shows results for tungsten.
k.2.6 Flux Peaking
In early experiments involving atom site location (see section k.3) 
it was assumed that the distribution of channelled particles within a 
particular channel was uniform. On consideration this can be seen to 
be manifestly untrue. Channelled particles having zero transverse energy 
will sample only the channel axis while particles having the maximum 
allowable transverse energy will be able to sample the whole accessible 
area of the channel. .As previously noted these particles having large 
transverse energies will, because of their oscillatory motion, spend 
the majority of their time near the periphery of the channel. On this 
basis one would expect a higher flux near the channel walls than at 
the channel centre. However, the dominant effect is that of the well 
channelled beam near the channel axis. These particles produce a 
pronounced peaking of the channelled flux distribution near to the 
channel axis?d
At the crystal surface flux peaking must necessarily be absent 
because the flux is uniform. In planar channelling it is valid to assign 
a wavelength X to each particle's trajectory because of the oscillatory
- k9 -
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Fig. 4.4 Zj| oscillation effects in a tungsten crystal, 
showing the electronic cross section Sc 
versus the atomic number Z< of the projectile 
for the 0OO> tungsten direction.
behaviour of the transverse motion. For an axial channel the particle 
trajectory is usually complex and hence the concept of a fixed wavelength 
is not altogether valid. However, for well channelled ions such a 
concept is acceptable because the potential near the channel axis is 
approximately harmonic.
Individual ions will have their maximum transverse energy at the 
crystal surface. They will, therefore, cross the channel axl/s at a
xi
depth of A/ij. . If there are a large number of trajectories of 
approximately the same wavelength then flux peaking will reach a maxima 
at this depth. Succeeding minima and maxima will occur at A / 4  intervals. 
Different trajectories will soon "go out of. phase" due to multiple 
scattering and anharmonicity in the potential. This will cause rapid 
damping of flux peaking oscillations with depth. Figure 4.5 illustrates 
this for single crystal copper.
Flux peaking complicates the interpretation of atom site location
measurements (see section 4.3) if the foreign atoms occupy a significant
percentage of interstitial sites. In the present work no significant 
fraction of any of the implanted ion species occupied interstitial sites. 
This together with the relatively shallow implant depths used means that 
flux peaking effects will not seriously affect the interpretation of 
atom site location data. For implanted ions occupying interstitial 
positions after annealing, it is necessary to investigate backscattering 
yield as a function of angle through the channel in order to extract 
information on the amount of flux peaking occurring.
4.3*1 Channelling as an Analytic Technique
The use of light energetic ion beams for damage and atom site 
location studies is based upon the fact that channelled ions cannot 
interact with a "target atom" within a distance v  am_
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(Thomas Fermi screening distance) of a lattice plane or row, Therefore,
a channelled beam will not interact with atoms on lattice sites but it
can interact with any lattice or foreign atom which may lie within the
channel. Any "close encounter" phenomena (i.e. one which requires the
incident ion and target atom to approach within **Q O 28) are drastically
suppressed in a channelled direction. The most common processes employed
29are those of wide angle Rutherford backscattering of incident ionsA and
30nuclear reactions between target and incident ions-; Other processes
which have been occasionally employed are the observation of K and L
31X-rays produced by the incident ions and even the direct observation of
alpha or beta particles from radioactive nuclides introduced into the
32crystal-;
Consider a collimated beam of ions entering a crystal surface in an 
aligned direction. The majority of ions will immediately become 
channelled. However, a certain small fraction of the beam will interact 
with the ends of the strings and will suffer a deflection sufficient 
to dechannel the particle (see Figure k.6). Depending upon the crystal 
parameters and the characteristics of the ion beam this random component 
usually varies between 1-5$.
For a well collimated beam the random fraction (R^) at the surface 
is simply given by;-
R f a T T ( a T F f  N d   +9)
where N is the number density of the target and d is the interatomic
spacing. Such a model ignores lattice vibrations, however, and a
15temperature dependent expression is usually substituted for amc,1JP
(which in itself is only a rough approximation). An even more accurate
value for this minimum distance of approach has been given by Altmann
33 3ket al and Barrett .
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Fig. 4.6 The splitting of a perfectly  aligned beam 
into channelled and random components.
Topical qngular yields for some of the above mentioned close 
encounter processes are shown in Figure 4 ft. The shoulders observed, 
particularly in the backscattering spectrum, correspond to ions which 
are scattered slightly more than 'f't , Near to the surface these ions 
experience a much higher density of lattice atoms (and therefore energy 
loss) than do ions in a truly random beam. They therefore experience a 
higher than normal backscattering yield. Alternatively the shoulders 
may be considered as "compensating" the minimum yield dip.
The minimum yield ( ^ 4n) is defined as the ratio of backscattering
from an aligned direction to the backscattering yield from a random
direction. In some applications it is advantageous to reduce X  m^n
as much as possible, An order of magnitude improvement may be obtained
using a double alignment technique. In this case, not only is the
incident beam channelled but also the outgoing backscattered yield is
35 36observed only in an aligned direction-;
Large attenuations occur not only for the lattice atoms but also 
for any foreign atom within a lattice string, for example, on lattice 
sites (position ® in Figure 4.6). If however the position of the 
foreign atom is x (Figure 4.6) then no attenuation will occur since 
now the channelled and random components of the beam can interact 
normally. Examples of both lattice sites are given in Figure 4.7 
which shows the yield from substitutional antimony, gold on non-regular 
lattice sites and the yield from the silicon lattice itself.
If the interaction yields between the incident beam and the 
dopant atoms for an aligned and random incidence are denoted by N^ 
and Nr then the percentage of dopant atoms located along the particular 
axial row is given byj-
IOO * ( N r - N r ) / N r ooooo
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1.0MeV He* along <110> 
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<111> tungsten crystal (6 0 k eV  at 25°c)
F i g. 4,7
aligned case a small fraction of the incident beam is not channelled.
In silicon and germanium for well annealed specimens ^  95$ of the beam
is channelled and the resulting correction is therefore ^ 0.05 NR.
From such measurements one can often deduce the exact location(s)
of foreign atoms* by repeating the measurements along different axial
directions and by considering the symmetry properties of the lattice.
To follow the reasoning behind such an analysis it is proposed to
20follow an example given by Mayer. Figure k .8 depicts the fliojplane 
for the diamond lattice. The <110> and <L00> rows intersect at two 
distinct places - at substitutional sites (o, • ) and at the tetrahedral 
interstitial sites (marked j-Er )» These two sites, amongst others, are 
potential sites for dopant atoms. Channelling along the <L11> and <100> 
directions cannot distinguish between the substitutional or interstitial 
site because they are both included in the "forbidden" region. However, 
in the <L10> direction the interstitial sites are not contained along the 
atomic rows but lie within the <110> channel. Thus by taking measurements 
along a suitably random direction and along the <110> and <111> directions 
one can determines-
(1) the -fraction of dopant atoms within 0.1-0.28 of substitutional sites,
(2 ) the fraction of dopant atoms within 0.1-0.28 of interstitial sites,
(3 ) the fraction of dopant atoms on non-regular sites (for example in
the position marked x in Figure k.8).
In addition to this the beam probes only one of several equivalent 
axes. For instance suppose we observe 80$ of the dopant atoms along a 
<110> row. One can, therefore, conclude that a similar percentage is 
located along each of the equivalent <110> rows (5 in number).
where the primed, quantities have been corrected for the fact that in the
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Fig. 4.8 Showing the {110} plane and the
position of impurity atoms and how 
* they -may be ' re solved^* by channelling.
Furthermore, since in the diamond structure the intersection of two or 
more <L10> rows occurs only at the substitutional sites, we deduce that 
no more than 4$ (i.e. only 1/5 of the missing 20$) of the dopant atoms 
can be located in a non-substitutional position along any particular set 
of <L10> rows. Hence at least .76$ of the dopant atoms must lie on 
substitutional sites. It should be noted that whenever a small attenuation 
occurs considerable uncertainty arises in its interpretation. For example, 
a 15$ attenuation in the <110> direction might suggest that 15$ of the 
dopant atoms were on substitutional sites but it could equally well mean 
that up to 90$ (i.e. 6 x 15$) were located elsewhere along the <110> row. 
Furthermore the statistical accuracy of equation 4.10 would be rather poor.
4.3.2 Backscattering Measurements
The backscattering geometry shown in Figure 4.9 is the one most 
commonly employed. The backscattered spectra of a silicon specimen with 
near surface implanted ions is shown in Figure 4.10. The energy spectra 
of backscattered helium particles consists of a sharp cutoff at O .59 Eq 
(corresponding to the elastic energy loss helium ions scattered from 
the silicon surface) followed by a smoothly increasing yield at lower 
energies caused by scattering from deeper within the crystal. Backscattering 
from the heavier antimony ions involves a smaller elastic energy loss 
than from the surface silicon and therefore the signal from the antimony 
occurs as a small peak at higher energy (0.89 EQ)° If* 'kbe antimony 
atoms were distributed throughout the silicon then the signal would be 
a step function from the silicon edge out to (O.89 Eq).
The exact shape of the backscattered spectrum is determined bys-
(1) the kinematics of the elastic scattering process,
(2) the rate of inelastic energy loss as particles penetrate the crystal,
(3 ) the energy dependence of the scattering cross-section,
(4) channelling effects.
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Fig, 4.10 Schematic diagram of backscattered
spectrum from Antimony implanted Silicon.
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Let us consider these effects in order. The kinematics of elastic 
scattering are simple hard sphere type. The fractional energy loss, kg 
experienced upon collision and backscattering through an angle 0 is 
given bys-
M. r-M fi + ( > C ~  M . S t n + e ) *
M. + Mi
The symbols used are those defined in Chapter two. Strictly speaking 
the angle 0 in equation k.ll is the centre of mass angle, while it is 
customary to use the laboratory angle for most calculations. Errors 
Involved are negligible except for two cases. The backscattering of 
helium from very light elements such as boron and lithium and the 
backscattering of heavy analysing beams from most elements (e.g. carbon 
and oxygen analysing beams). Here it is essential to use the centre of 
mass angle.
The inelastic energy loss rate varies critically with the nature 
of the substrate and analysing beam and also with the analysing beam 
energy. Figure k.ll shows the inelastic energy loss of helium in 
germanium over the range of interest.
The cross section as a function of incident beam energy and 
backscattering angle is given by the Rutherford backscattering formulas
•r?
[£- * !• 3 * iO H M M  < . r " -I ——    cm /str. „ , .\ E / i M&, / Aift o.ooo (k.12)
where E is the energy in MeV, 0 is again the backscattering angle in 
centre of mass co-ordinates. Equation k.12 is accurate except for the 
occasional resonance in the backscattering yield. A common example 
to catch the unwary is the resonance at ^  2,0 MeV for helium on silicon.
With the geometry of Figure k.9 the detected energy of a particle 
backscattered from a depth X  is given bys-
Eo* - [ Eo ~ JS*(E)dt,] ks -  A ®  . (>V.1 3 )
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■H*With a knowledge of the stopping powers S (E) and S(E) the energy scale
connected with the substrate spectra can readily be converted into a
depth scale. Note that a detector resolution of 15keV is equivalent to
a depth resolution of about 300S for 1 MeV helium in silicon.
The last variable that alters the backscattered spectrum's shape
is channelling. We have seen how channelling can be used as a means of 
•* *
foreign atom location let us* now study the effects of channelling on the 
substrate spectra.
By using a channelled beam and monitoring the backscattered yield 
one obtains an aligned spectra as shown in Figure 4.12. The minimum 
yield ( ^ min) is typically of the order of one percent for a low index 
direction. The small peak is due to scattering from the surface atoms 
and atoms in the surface oxide layer which is present on most crystals.
As can be seen the aligned spectra of a specimen with shallow implantation 
damage also shows a much larger peak. The peak area being proportional 
to the number of atoms displaced more than ^ 0.28 from their lattice 
site, thus allowing the channelled beam fraction to interact with them. 
This damage measurement gives no indication of the type of damage present. 
To quote Chadderton^s "It is the curse of the Rutherford backscattering/ 
channelling technique that no one knows what it measures" (in the case 
of damage). For example a strained lattice near the crystal surface 
would demonstrate a damage peak‘although "damage" in the usually 
accepted sense is absent. It should also be noted that the damage 
peak Is usually accompanied by an increase in dechannelling behind 
the peak due to scattering from the aligned to non-aligned fraction 
of the beam by the lattice damage itself-. As expected, as the beam 
penetrates deeper into the crystal the random beam fraction increases.
In the implanted case, if a layer near the crystal surface contains
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4.12 Schematic representation of 
damage backscattered spectra.
a significant percentage of displaced atoms then there will be an
increase in backscattered yield between E ’ and Eq (Figure 4.12), this
region corresponding to the damage region produced by implantation. As
for the case of impurity atoms the off lattice site atoms can interact
with the channelled and non-channelled beams and transfer channelled
particles to the random beam where they may interact with all atoms
and contribute normally to the backscattered yield. This leads to a
35backscattering yield y' as a function of depth given bys-
f i t ) . [ N k i  + x \ t )  (ii- N ftj
. (4.14)
where yn(t) is the yield for random orientation, N is the number density 
of lattice atoms and^'(t) is the random fraction of the beam at a depth 
t for a crystal containing N'(t) "off lattice site" atoms/cm. This
■7C
again is given bys-
X  (t) = I -  [  1 ~  * C t ) ]  [ -  y  ( t ) ] 000“O (4.15)
where
t
Y(t) - /  Pit) N'(t) J t
o a o o o (4.16)
P(t) N’(t) dt is the probability of a particle In the aligned beam 
being scattered Into the random beam by the atoms N'(t) andX(t) is the 
random fraction of the beam at t if all atoms are on lattice sites.
Equation 4.14 shows that the depth distribution of the defect 
concentration N ’(t) can be determined from measurements of the yield 
in the aligned direction, if P is known. Accurate analytical expressions 
for P are available for two limiting casess-
(1) When dechannelling is due entirely to single deflections greater 
than the critical angle for channelling* and
(2) when dechannelling is due to multiple scattering where a total
deflection greater than the citical angle results from many 
35small deflections.
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However, for low energy heavy ion implants in germanium where the 
disordered region is usually less than 500$ the contribution of dechannelling 
(though significant) can be small. In the present work the area under 
the "damage" peak is considered to be representative of the damage 
present within the crystal with two corrections?«
(i) The virgin spectr^rfls subtracted from the aligned damage spectral
(ii) The contribution arising in the damage peak, from the gradually 
increasing random component, is represented by the dotted line 
in Figure 4.12.
This approximation is known as the linear dechannelling approximation
and is probably in error by For deep high energy implants this
approximation is no longer valid because the dechannelling level
38 39behind the damage peak is too high. Feldmann and Eisen have 
developed a re-iterative computer programme which fits a combination 
of single and multiple scattering to the experimentally observed 
dechannelling and then calculates the dechannelling as a function of 
damage depth.
It should be remarked upon here that the linear dechannelling
approximation is successful for low energy implants into "well behaved"
semiconductor material such as silicon or germanium. Group III-V
compounds and even more so, group II-VT compounds may give problems
in this respect. For example gallium phosphide hot implants^0 show
little correlation between their minimum yields and the damage peak
area. On a simple minded basis one would expect peak area and
dechannelling to increase together. Similarly cadmium sulphide shows
42no damage peak whatsoever under light ion bombardment, only strong 
dechannelling is apparent.
For the germanium case single scattering is the dominant mechanism.
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It can be seen from equation 4.12 that the backscattering cross-
section is proportional to l/E (where E is the analysing beam energy)
and also to the mass of the backscattered particle. One would, therefore,
expect to use a relatively low beam energy, coupled with a high analysing
particle mass for the analysis of lattice damage. In practice, the
relatively high sensitivity of the lattice damage measuring technique
is such that the ideal choice of analysing beam conditions for lattice
location was normally adopted for the present work. It is usually best
to keep the total.analysing dose (per- cm ) as low as possible in order
to minimise any possible disturbing influence that the analysing beam
may have upon the sample under investigation. Total analysing doses
were usually well below 1 jj^ coulomb.
The analysing beam conditions for lattice site location experiments
are fairly stringent. The primary quantities Involved are the mass
separation (i.e. the energy difference between particles backscattered
from dopant and from substrate atoms at the same depth) and the detector
resolution. Coupled to these two quantities is the backscattering yield
per incident particle, which defines the ultimate sensitivity of the
method. Essentially the mass separation (expressed in keV) must be
larger than the detector resolution. Sufficient mass resolution is by
far the most stringent requirement for this type of analysis. The
energy separation between the dopant peak and the edge of the substrate
spectrum is given by E A k , where A  k is the difference between theo s s  >
k values (equation 4.11) for scattering from the. dopant and substrate s
atoms. Figure 4.13 taken from the work of Bj&rkqvist^ shows values 
of k plotted as a function M (substrate mass) for H* He+, C+, and Ne+
S  ci
beams. For optimum mass resolution E A k  (E is the initial beam energy)o s o
4.3.3 Choice of Analysing Conditions
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Fig. 4.13 Fractional energy loss ks (equation 4 .H) 
as a function of substrate mass M2 
and incident Ion mass M*
Fig. 4.14 Resolution of a surface barrier detector
as a function of energy and incident 
particle.
should be as large as possible. It is, therefore, necessary that an 
increased energy separation should not be offset by a worsening of the 
detector resolution. Figure k.lk shows the resolution of a surface
kkbarrier detector for varying incident particle species and energy. As
can be seen the use of a heavier projectile increases the mass separation.
A similar increase can be effected by an increase in analysing particle
energy. Datz has gone to the extreme of using 200MeV energies. This
coupled with an oxygen analysing beam produces a startlingly large
value of mass separation!
Adequate results have been obtained in the present work using a
helium beam of between 1.5 and 2.5MeV. Some experiments with 2.5 MeV
neon are detailed in Chapter six but they resulted In little or no
improvement in mass resolution. In this case the increased value of
E A k  was offset by the decrease in detector resolution, o s
It may be shown for the case of light analysing particles that
Eq A  has a maximum value for a backscattering angle of 180°. ^
The use of an annular detector in the present work was intended to take
advantage of this fact. For example there is a theoretical increase of
6$ in the value of A k , for antimony in germanium in going froms
o o0 = 150 to 0 = 180 . In practice the poorer resolution of the
oannular detector prevented the full advantage of the 180 backscattering
position from being realised.
k.3°k Experimental Technique and Apparatus
The apparatus was based upon the Aldermaston 3MeV H.V.C. Van der 
Graaff. Unfortunately, this machine was in very poor condition when 
the experimental work commenced having previously been used for 
micrometeorite experiments. Initially very little technical support 
was available for machine maintenance and this situation became
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steadily worse during the experimental programme. A major portion of 
the time allotted to experimental work was devoted to machine repair and 
maintenance. Repairs and replacements included the accelerator tube and 
belt, stack resistors, ion-souree assembly, gas-leaks, transformers, 
gas circulating fan, top terminal alternator and a host of other 
minor items.
A schematic illustration of the magnet and beam line installation 
is shown in Figure 4.15* The vacuum was maintained by five two inch 
mercury diffusion pumps plus the main six inch accelerator pump. A 
system of quadrupoles and slits were used to collimate the beam before 
it entered the target chamber. A beam spot size of one square millimetre 
having a divergence of better than 0.01° was regularly achieved. Figure 4.16 
shows the hemispherical target chamber which had been originally 
constructed for electron scattering experiments. The collimated beam 
entered the chamber through three anti-scatter baffles. The final 
baffle was used as an annular detector mount. Details of the target 
chamber are shown in Figure 4.17* The sample was mounted on a goniometer 
having two axes of rotation at right angles to the beam and at right 
angles to each other. The bracket carrying the goniometer was bolted to 
the target chamber baseplate. A series of conducting or insulating 
packing plates could be inserted in this position, both for current 
measurement purposes and to alter the sampl'e-detector distance and 
backscattering angle, 0.
Two Mullard Au 5055/80 stepping motors were used to operate the 
goniometer. With a rotation of 7§° per step and a 500*1 reduction 
gearbox a final rotation of 0.9 minutes of arc per step was obtained.
The stepping motors were controlled by an electronic switch constructed 
by the author. The switch was capable of giving rotation rates of
4.5 degrees per second, to single steps of 0.015°.
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Beam line schematic.
F i g .  4 . 1 5 C  G e n e r a l  v i e w  o f  e l e c t r o n i c s .
pr
ot
ra
ct
or
Fi
g.
 
4.1
6 
De
ta
ils
 
of 
ta
rg
et
 
ch
am
be
r.
F i g .  4 . 1 7 G o n i o m e t e r
T h r e e  s i l i c o n  s u r f a c e  b a r r i e r  d e t e c t o r s  w e r e  u s e d ,  t h e  a n n u l a r  
d e t e c t o r  g i v i n g  a  b a c k s c a t t e r i n g  a n g l e  o f  n e a r l y  l 8 0 ° .  A  s e c o n d  
d e t e c t o r  w a s  m o u n te d  t o  g i v e  a  b a c k s c a t t e r i n g  a n g l e  o f  1 5 0 ° 0 T h e  t h i r d  
d e t e c t o r  ( s u i t a b l y  m a s k e d  t o  r e d u c e  c o u n t  r a t e )  w a s  m o u n te d  o n  t h e  
s w in g in g  a rm  a n d  w a s  u s e d  t o  d e t e c t  p a r t i c l e s  t r a n s m i t t e d  t h r o u g h  t h i n  
s a m p le s .  T h e  d e t e c t o r s  w e r e  c o u p l e d  t o  N u c l e a r  E n t e r p r i s e  N E  5287  a n d  
N E  5 2 5 3  p r e -  a n d  m a l n - a m p l i f i e r s .  T h e  a m p l i f i e r s  w e r e  f o l l o w e d  b y  a  
H a r w e l l  1 0 0 0  s e r i e s  p u l s e  a m p l i t u d e  d i s c r i m i n a t o r  ( 9 5 / 2 1 3 3 ) °  T h i s  
m o d u le  w a s  u s e d  t o  i n s p e c t  a  p r e s e l e c t e d  p o r t i o n  o f  t h e  b a c k s c a t t e r e d
s p e c t r u m  b e h in d  t h e  d i s o r d e r  p e a k  i n  o r d e r  t o  d e t e r m in e  i f  t h e  s p e c im e n
• >
w a s  a l i g n e d  i n  a  m a j o r  c r y s t a l l o g r a p h i c  d i r e c t i o n .  T h e  o u t p u t  f r o m  t h e  
d i s c r i m i n a t o r  w a s  f e d  t o  a  l i n e a r  r a t e m e t e r  ( H a r w e l l  1 0 0 0  s e r i e s  
9 5 / 2 1 3 4 )  a n d  t h e n  t o  a  B r i s t o l  t w i n - p e n  d y n a m a s t e r  r e c o r d e r .  T h e  
s e c o n d  c h a n n e l  o f  t h e  p e n  r e c o r d e r  w a s  u s e d  t o  d i s p l a y  e a c h  s t e p  o f  
t h e  e l e c t r o n i c  s w i t c h  i n  o r d e r  t o  c a l i b r a t e  t h e  v a r i a t i o n  o f  b a c k s c a t t e r i n g  
y i e l d  i n  t e r m s  o f  a n g u l a r  m o t i o n .
A  s e c o n d  o u t p u t  o f  t h e  m a in  a m p l i f i e r  w as f e d  t o  a n  R . I o D . L ,  4 0 0  
c h a n n e l  a n a l y s e r  ( m o d e l 3 4 - 1 2 B ) .  T h i s  e n a b le d  t h e  c o m p le t e  b a c k s c a t t e r e d  
s p e c t r a  f o r  a l i g n e d  a n d  r a n d o m  d i r e c t i o n s  t o  b e  r e c o r d e d .
A  w id e  r a n g e  c u r r e n t  i n t e g r a t o r  t y p e  W . R . 2 . B . ,  d e s i g n e d  a n d  b u i l t  b y  
P A  O ' C o n n e l l ,  w a s  u s e d  f o r  b e a m  m o n i t o r i n g  p u r p o s e s .  T h i s  e x c e l l e n t  
u n i t  h a d  a  c u r r e n t  s e n s i t i v i t y  ( f . s . d . )  o f  0 .1  n a n o a m p  t o  1 .0  m i l l i a m p  
w i t h  a n  a c c u r a c y  o f  -  2# w i t h  -  5  p ic o a m p  d r i f t  a n d  n o i s e .  T h i s  u n i t  
h a d  a n  e x t r e m e l y  lo w  I n p u t  im p e d a n c e ,  t h u s  r e d u c i n g  t h e  c h a n c e  o f  c h a r g e  
b u i l d  u p  o n  t h e  s a m p le .  T o  r e d u c e  e a r t h i n g  p r o b le m s  a n d  m a in s  p i c k - u p ,  
a l l  t h e  e l e c t r o n i c  a p p a r a t u s  a n d  v a c u u m  pum ps c o n n e c t e d  t o  t h e  c h a m b e r  
w e r e  p o w e r e d  b y  a n d  e a r t h e d  a t  .a  S e r v o m e x  A C 7  v o l t a g e  s t a b i l i s e r .
( T h e  t a r g e t  c h a m b e r  w a s  i s o l a t e d  f r o m  t h e  b e a m - l i n e  v i a  p . t . f . e .  
i n s u l a t o r s  i n s e r t e d  b e tw e e n  t h e  a p p r o p r i a t e  v a c u u m  c o u p l i n g . )
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W hen a l i g n i n g  t h e  s a m p le  f o r  c h a n n e l l i n g  t h e  1 5 0 °  b a c k s c a t t e r  
d e t e c t o r  w a s  u s u a l l y  e m p lo y e d .  O n e  d e g r e e  o f  f r e e d o m  o f  t h e  g o n io m e t e r
w a s  i n i t i a l l y  u s e d  t o  s w e e p  s a y  -  20°  f r o m  t h e  n o r m a l  s a m p le  p o s i t i o n .
D i p s  d u e  t o  p l a n a r  c h a n n e l l i n g  w e r e  a p p a r e n t .  E x a m i n a t i o n  o f  a  
s t e r e o g r a p h i e  p r o j e c t i o n  f o r  s a y  t h e  < L 1 1 >  d i r e c t i o n  r e v e a l s  t h a t  t h e  
a x i a l  c h a n n e l  i s  f o r m e d  b y  t h e  i n t e r s e c t i o n  o f  t h r e e  £ l l O J  p l a n e s .  T h u s ,  
p r o v i d e d  t h e  s a m p le  i s  n o t  t o o  f a r  o f f  a x i s ,  t h e  t h r e e  l a r g e s t  d i p s  
c o r r e s p o n d  t o  t h e s e  t h r e e  [ l l O . l  p l a n a r  c h a n n e l s .  B y  m o v in g  a  d e g r e e  o r  
s o  o n  t h e  o t h e r  d e g r e e  o f  f r e e d o m  a n d  t h e n  r e p e a t i n g  t h e  s c a n  t h e  < 1 1 1 >
a x i a l  c h a n n e l  c o u l d  b e  r e a d i l y  f o u n d .
T h e  c o r r e c t i o n  o f  t o t a l  a n a l y s i n g  d o s e ,  t o  a l l o w  f o r  s e c o n d a r y  
e l e c t r o n  e m i s s i o n ,  w a s  t a c k l e d  i n  s e v e r a l  w a y s .  I n i t i a l l y  ra n d o m  s p e c t r a  
w e r e  t a k e n  f o r  t h e  < L 1 1 >  a n d  < 1 1 0 >  d i r e c t i o n s  a n d  t h e  a l i g n e d  s p e c t r a  
w e r e  t h e n  n o r m a l i s e d  t o  e a c h  o t h e r  u s i n g  t h e  c o r r e s p o n d i n g  " ra n d o m "  
s p e c t r a .  T h e  s e c o n d  s y s t e m  w a s  t o  u s e  t h e  i s o l a t e d  t a r g e t  c h a m b e r  a s  
a  F a r a d a y  c u p ,  w h i l e  t h e  t h i r d  m e th o d  e m p lo y e d  a  w i r e  s u p p r e s s o r  i n  
f r o n t  o f  t h e  t a r g e t .  T h e  l a t t e r  tw o  s y s t e m s  g a v e  t h e  b e s t  r e s u l t s .  '
( S e e  C h a p t e r  s i x )
' C h o i c e  o f  a  t r u e  r a n d o m  d i r e c t i o n  h a s  g i v e n  o t h e r  e x p e r i m e n t a l  
g r o u p s  som e d i f f i c u l t y ,  r e p o r t e d  v a r i a t i o n s  o f  t  5$  i n  t h e  ra n d o m  
^ s p e c t r a  h e i g h t  a r e  n o t  u n co m m o n , d u e  t o  c h a n n e l l i n g  a l o n g  h i g h  i n d e x  
p l a n e s .  L i t t l e  d i f f i c u l t y  w a s  e n c o u n t e r e d  i n  t h e  p r e s e n t  w o r k  b y  
t h e  s i m p l e  e x p e d i e n t  o f  u s i n g  a  v e r y  w id e  'b n e r g y  w in d o w "  t o  e x a m in e  
t h e  b a c k s c a t t e r e d  y i e l d  a s  d i s p l a y e d  o n  t h e  r a t e m e t e r .  H i e  h i g h  
s t a t i s t i c a l  a c c u r a c y  t h u s  a c h i e v e d  e n a b le d  t h e  c h o i c e  o f  a  ra n d o m  
d i r e c t i o n  t o  b e  m ade w i t h  g o o d  a c c u r a c y  a n d  r e p e a t a b i l i t y .
C H A P T E R  V  
T H E O R E T I C A L  AND E X P E R I M E N T A L  A S P E C T S  O F  E L E C T R I C A L  M EA SU R EM EN TS
T h i s  c h a p t e r  c o n t a i n s  a  d e s c r i p t i o n  o f  t h e  V a n  d e r  P au w  f o u r  p o i n t  p r o b e  
t e c h n i q u e ,  n o r m a l l y  u s e d  f o r  m e a s u r in g  t h e  r e s i s t i v i t y  a n d  c a r r i e r  
m o b i l i t y  o f  s e m ic o n d u c t o r  s a m p le s .  T h e  n e c e s s a r y  t h e o r e t i c a l  c o n c e p t s  
a r e  f i r s t  g i v e n ,  f o l l o w e d  b y  a  d e s c r i p t i o n  o f  t h e  e x p e r i m e n t a l  a p p a r a t u s  
a n d  t e c h n i q u e s  e m p lo y e d .
5 . 1  IN T R O D U C T IO N
Som e o f  t h e  m o re  i m p o r t a n t  e l e c t r i c a l  p a r a m e t e r s  o f  i n t e r e s t  f o r  
d e v i c e  a p p l i c a t i o n  a n d  s e m i c o n d u c t o r s  i n  g e n e r a l , a r e  l i s t e d  b e lo w * -
( i )  T h e  c a r r i e r  c o n c e n t r a t i o n
( i i )  T h e  c a r r i e r  t y p e
( i i i )  T h e  c a r r i e r  m o b i l i t y
( i v )  T h e  c a r r i e r  c o n c e n t r a t i o n  d e p t h  d i s t r i b u t i o n
( v )  T h e  c a r r i e r  l i f e t i m e .
T h e  f i r s t  t h r e e  q u a n t i t i e s  c a n  b e  r e a d i l y  d e t e r m in e d  b y  d i r e c t  m e a s u r e m e n ts
o f  t h e  s e m i c o n d u c t o r ' s  r e s i s t i v i t y  a n d  c a r r i e r  m o b i l i t y .  T h e  d e p t h
d i s t r i b u t i o n  o f  t h e  c a r r i e r  c o n c e n t r a t i o n  c a n  a l s o  b e  f o u n d  b y  c o m b in in g
t h e  a b o v e  m e a s u r e m e n t s  w i t h  a  l a y e r  r e m o v a l  t e c h n i q u e .
T h e  m o s t  c o n v e n i e n t  t e c h n i q u e  f o r  m e a s u r in g  r e s i s t i v i t y  a n d  m o b i l i t y
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i s  t h a t  d u e  t o  V a n  d e r  P a u w . S e p a r a t e  c o n t a c t s  o n  t h e  p e r i p h e r y  o f  t h e  
s a m p le  a r e  u s e d  f o r  m e a s u r in g  t h e  c u r r e n t  a n d  t h e  a p p l i e d  v o l t a g e  d u r i n g  
r e s i s t i v i t y  m e a s u r e m e n t s .  S i m i l a r l y  f o r  m o b i l i t y  m e a s u r e m e n t s , t h e  
in d u c e d  H a l l  v o l t a g e  i s  d e t e r m in e d  w i t h  t h e  a d d i t i o n  o f  a  s t r o n g  m a g n e t i c  
f i e l d  p e r p e n d i c u l a r  t o  t h e  s e m i c o n d u c t o r  l a m i n a .
T h e  V a n  d e r  P au w  t e c h n i q u e  i s  c o m m o n ly  u s e d  t o  d e t e r m i n e  t h e  b u l k  
c h a r a c t e r i s t i c s  o f  s e m i c o n d u c t o r s .  I n  t h e  a p p l i c a t i o n  o f  t h e  t e c h n i q u e
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t o  t h i n  im p l a n t e d  l a y e r s  o n e  m u s t  b e  e x t r e m e l y  c a r e f u l  t o  c o n f i n e  t h e  
c u r r e n t  f l o w  t o  t h e  i m p l a n t e d  l a y e r ? o t h e r w i s e  t h e  c h a r a c t e r i s t i c s  o f  
t h e  s u b s t r a t e  w i l l  b e g i n  t o  p r e d o m i n a t e .  S e v e r a l  w a y s  o f  a c h i e v i n g  
t h i s  a r e  p o s s i b l e .  B y  e n s u r i n g  t h a t  t h e  r e s i s t i v i t y  o f  t h e  im p l a n t e d  
l a y e r  i s  a lw a y s  f a r  lo w e r  t h a n  t h e  r e s i s t i v i t y  o f  t h e  u n d e r l y i n g  s u b s t r a t e  
i s  o n e  s o l u t i o n .  A n  a l t e r n a t i v e  s o l u t i o n  i s  t o  u s e  v e r y  t h i n  s a m p le s  
s u c h  t h a t  t h e  im p l a n t e d  l a y e r  o c c u p i e s  a  l a r g e  f r a c t i o n  o f  t h e  s p e c i m e n 's  
t h i c k n e s s .  W i t h  a  k n o w le d g e  o f  t h e  r a n g e  o f  t h e  i m p l a n t e d  i o n s  a n d  t h e  
t h i c k n e s s  a n d  r e s i s t i v i t y  o f  t h e  s u b s t r a t e  t h e  f r a c t i o n  o f  t h e  c u r r e n t  
f l o w  t h r o u g h  t h e  i m p l a n t e d  l a y e r  m ay  b e  c a l c u l a t e d .  T h e  t h i r d  t e c h n i q u e  
a n d  t h e  o n e  e m p lo y e d  i n  t h e  p r e s e n t  w o r k  i s  t o  e n s u r e  t h a t  t y p e  c o n v e r s i o n  
o c c u r s  i n  t h e  im p l a n t e d  l a y e r .  C u r r e n t  f l o w  i s  t h e n  c o n f i n e d  t o  t h e  
i m p l a n t e d  l a y e r  w i t h  t h e  e x c e p t i o n  o f  a n y  l e a k a g e  c u r r e n t  f l o w i n g  a c r o s s  
t h e  p - n  j u n c t i o n  a n d  t h r o u g h  t h e  s u b s t r a t e .
5 - 2 . 1  H a l l  E f f e c t
A  f u l l  t h e o r e t i c a l  d e s c r i p t i o n  o f  t h e  H a l l  e f f e c t  m ay b e  f o u n d  i n
2
t h e  l i t e r a t u r e .  B r i e f l y ,  i f  a  m a g n e t i c  f i e l d  i s  a p p l i e d  a t  r i g h t  a n g l e s
t o  t h e  d i r e c t i o n  o f  c u r r e n t  f l o w ,  t h e n  a n  e l e c t r i c  f i e l d  i s  s e t  u p
p e r p e n d i c u l a r  t o  b o t h  t h e  d i r e c t i o n  o f  t h e  c u r r e n t  a n d  t h e  m a g n e t i c
f i e l d .  I f  t h e  c u r r e n t  d e n s i t y  i s  J *  t h e  m a g n e t i c  f i e l d  i s  B „  a n dz»
t h e  H a l l  e l e c t r i c  f i e l d  i s  E y  t h e n  t h e  H a l l  c o e f f i c i e n t ,  R R , i s  
d e f i n e d  b y : -
E" Y ■— F W j  x 0  2 .» » » . (5 » l)
a l s o
F y  » £  t r x -  £  E y  • • • • •  (5 -2 )
w h e re  F y  i s  t h e  f o r c e  o n  a n  e l e c t r o n ,  e  i s  t h e  e l e c t r o n i c  c h a r g e  a n d  
v  i s  t h e  e l e c t r o n  d r i f t  v e l o c i t y .  I f  n  i s  t h e  c o n c e n t r a t i o n  o f  e l e c t r o n s  
t h e n
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d x  — a  £  "U)c
Ey s - \ / m .  Bz J*.
. . . . .  (5.3)
(5.4)
R h = -  ' r f e
( 5 . 5 )
E l e c t r i c a l  c o n d u c t i v i t y  O '  c a n  b e  d e f i n e d  b y  w r i t i n g
dx » Ex ooogo (5o5)
H e n c e
c r  *  t T v / E ^  -  H.& /4 . . . . .  ( 5 . 7 )
w h e re  JJ  i s  t h e  e l e c t r o n  d r i f t  v e l o c i t y  p e r  u n i t  f i e l d  o r  t h e  m o b i l i t y .
T h e  q u a n t i t y  ^jU i s  c h a r a c t e r i s t i c  o f  t h e  m a t e r i a l  a n d  m u s t  b e ,  w i t h i n
t h e  v a l i d i t y  o f  O hm ’ s  L a w , in d e p e n d e n t  o f  E ,
/
T h u s  t h e  e l e c t r i c a l  c o n d u c t i v i t y ,  (T\ d e p e n d s  u p o n  tw o  c h a r a c t e r i s t i c s  
o f  t h e  m a t e r i a l  n a m e ly  t h e  d e n s i t y ,  n ,  o f  t h e  c h a r g e  c a r r i e r s  a n d  t h e i r  
m o b i l i t y ,  j j  .
I R n I o ^  s  9 <-* J R m . . . . .  ( 5 . 8 )
I n  f a c t  e q u a t i o n  5 . 8  s h o u l d  b e  m o d i f i e d  t o  r e a d
R h  .  - r / n e .  o r  R h  .  +  r / p 4 .    ( 5 . 9 )
w h e r e  n  ( o r  p )  i s  t h e  f r e e  e l e c t r o n  ( o r  h o l e )  c a r r i e r  c o n c e n t r a t i o n  a n d  
r  i s  a  f a c t o r  d e p e n d e n t  o n  t h e  t y p e  o f  s c a t t e r i n g  p r e d o m i n a t i n g .  F o r  
m o s t  c a s e s  e n c o u n t e r e d  i t  i s  i n  f a c t  c l o s e  t o  u n i t y  8 ) .
F o r  a  s a m p le  (s h o w n  i n  F i g u r e  5 . 1 )  w h o s e  w i d t h  i s  b  a n d  t h i c k n e s s  
i s  d  a n d  t h r o u g h  w h ic h  a  c u r r e n t  1 .^ i s  p a s s e d ^ t h e  c o n d u c t i v i t y ,  d e t e r m in e d  
b y  m e a s u r in g  t h e  v o l t a g e  d r o p  b e tw e e n  tw o  c o n t a c t s  a  d i s t a n c e  L 
a p a r t ,  i s  g i v e n  b y j -
c r  * I  x  /  V c
. . . . .  (5 .1 0 )
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iFig- 5.1 Rectangular plate illustrating practical 
definition of the Hall coefficient and 
conductivity.
scale : 4cm 4cm 
actual size
Fig. 5.2 Superimposition of two masks used for
electrical implants. Dotted areas represent 
contacts. Inner square defines implant area 
under investigation.
I f  t h e  v o l t a g e  b e tw e e n  t h e  H a l l  p r o b e s  CD  i s  w h e n  a  m a g n e t i c  f i e l d  
B g  i s  a p p l i e d  t h e n * -
R h  =■ g fro I a V h  cl
Bz.
H e n c e  x/ .  .b *
R h c r  = V f t c  • H  
( R h  o ' ) 8 2  -  £ y
y  w T    ( 5 . 1 1 )
o o o p 0 ( 5 . 1 2 )
w h e r e  t h e  H a l l  a n g l e  0  i s  t h e  a n g l e  b e tw e e n  t h e  d i r e c t i o n  o f  c u r r e n t
f l o w  a n d  t h e  d i r e c t i o n  o f  t h e  e l e c t r i c  f i e l d .
I t  c a n  b e  s e e n  t h a t  R h  CT ( t h e  H a l l  m o b i l i t y )  i s  o n l y  i d e n t i c a l
t o  t h e  c o n d u c t i v i t y  m o b i l i t y  ( d r i f t  m o b i l i t y )  p r o v i d i n g  t h a t  0  i s  s m a l l
o r  i f  B g  i s  s o  s m a l l  t h a t  c h a n g e s  o f  O' w i t h  B^ c a n  b e  n e g l e c t e d .
A t  t h i s  p o i n t  i t  i s  a s  w e l l  t o  c o n s i d e r  s e c o n d  o r d e r  e f f e c t s .  F o r
i n s t a n c e  t h e  c h a n g e  i n  r e s i s t a n c e  d u e  t o  t h e  m a g n e t o - r e s i s t a n c e  e f f e c t  
2
v a r i e s  a s  B  . T h e  m a g n e t o - r e s i s t a n c e  c o e f f i c i e n t  M i s  d e f i n e d  b y * ~
f t .
M t  i  3
B  00000 ( 5 o l 3 )
w h e re  r  i s  t h e  r e s i s t a n c e  o f  t h e  s p e c im e n .  H o w e v e r ,  t h e  d i r e c t i o n  o f  B  
m u s t  b e  d e f i n e d .  A s  e q u a t i o n  5 * 1 2  c l e a r l y  i n d i c a t e s ,  i n  t h e  p r e s e n c e  
o f  a  m a g n e t i c  f i e l d  t h e  d i r e c t i o n  o f  t h e  e l e c t r i c  f i e l d  v e c t o r  a n d  
t h e  c u r r e n t  v e c t o r  n o  l o n g e r  c o i n c i d e .  I f  t h e  e l e c t r i c  f i e l d  d i r e c t i o n  
d i f f e r s  f r o m  t h a t  o f  t h e  c u r r e n t  t h e n ,  i n  g e n e r a l ,  t h r e e  c o m p o n e n ts  m u s t  
b e  m e a s u r e d  t o  s p e c i f y  i t  c o m p l e t e l y .  T h e  c o m p o n e n t  p a r a l l e l  t o  t h e  
d i r e c t i o n  o f  t h e  c u r r e n t  g i v e s  t h e  c o n d u c t i v i t y  a s  d e f i n e d  b y  0“  = J / E "  
T h e  c o m p o n e n t  p e r p e n d i c u l a r  t o  t h e  c u r r e n t  a n d  t o  t h e  p l a n e  c o n t a i n i n g  
t h e  c u r r e n t  a n d  m a g n e t i c  f i e l d  i s  t h e  H a l l  f i e l d  a s  d e f i n e d  b y  e q u a t i o n  
5 * 1 .  T h i s  l e a v e s  a  t h i r d  c o m p o n e n t  w h ic h  w i l l  b e  a t  r i g h t  a n g l e s  t o
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t h e  c u r r e n t  b u t  w i l l  l i e  i n  t h e  p l a n e  c o n t a i n i n g  t h e  c u r r e n t  a n d  m a g n e t i c
3 '
f i e l d .  T h i s  c o m p o n e n t  h a s  b e e n  c a l l e d  t h e  p l a n a r  H a l l  e f f e c t ^  b y  a n a l o g y
w i t h  t h e  u s u a l  H a l l  e f f e c t .  I t  c a n  b e  sh o w n  t h a t  t h e  p l a n a r  H a l l
c o e f f i c i e n t ,  G , i s  p r o p o r t i o n a l  t o  E / B 2 !  a n d  t h e  e f f e c t  v a n i s h e s  w hen
B  i s  p a r a l l e l  t o  I  o r  a t  r i g h t  a n g l e s  t o  i t .  G i s  a  m axim um  w hen  t h e
a n g l e  b e tw e e n  B  a n d  I  i s  k 5 °»  T h e  e f f e c t  i s  a n  i n d i c a t i o n  o f  t h e
d i s t o r t i o n  o f  t h e  l i n e s  o f  c u r r e n t  f l o w  p r o d u c e d  b y  t h e  m a g n e t i c  f i e l d .
I n  t h e  f o r e g o i n g  s i m p l e  e x p l a n a t i o n  o f  t h e  H a l l  e f f e c t  a l l  e l e c t r o n s
w e r e  a s s u m e d  t o  h a v e  t h e  sam e v e l o c i t y .  T h i s  i s  n o t  s t r i c t l y  t r u e
b e c a u s e  t h e  in d u c e d  H a l l  v o l t a g e  c a n  o n l y  b a l a n c e  t h e  f o r c e  e x e r t e d  o n
t h e  a v e r a g e  e l e c t r o n .  A s  a  r e s u l t  t h e  f a s t e r  a n d  s lo w e r  e l e c t r o n s
e x e c u t e  s l i g h t l y  d i f f e r e n t  p a t h s .  S e c o n d  o r d e r  e f f e c t s  s u c h  a s  t h o s e
d i s c o v e r e d  b y  E t t i n g s h a u s e n ,  N e r n s t  a n d  R i g h i - L e d u c  a r e  a s s o c i a t e d
w i t h  t h e  s p r e a d  i n  e l e c t r o n  d r i f t  v e l o c i t i e s  w h ic h  c a u s e  d i f f e r e n t i a l
2
h e a t i n g  w i t h i n  t h e  s a m p le .
5 . 2 . 2  V a n  d e r  P au w  T e c h n iq u e
T h e  c o n v e n t i o n a l  ( i n  l i n e )  f o u r  p o i n t  p r o b e  t e c h n i q u e ^*9 h a s  b e e n  
i n v e s t i g a t e d  b y  J o n e s d  w ho f o u n d  t h e  V a n  d e r  Pauw  t e c h n i q u e  p r e f e r a b l e  
f o r  im p l a n t e d  l a y e r s  i n  g e r m a n iu m .
E s s e n t i a l l y ,  V a n  d e r  P au w  h a s  sh o w n  t h a t  i t  i s  p o s s i b l e  t o  
m e a s u r e  t h e  s p e c i f i c  r e s i s t i v i t y  a n d  t h e  H a l l  e f f e c t  o f  a  f l a t  
a r b i t r a r i l y  s h a p e d  s p e c im e n  w i t h o u t  k n o w in g  t h e  c u r r e n t  f l o w  p a t t e r n ,  
p r o v i d e d  t h a t  t h e  f o l l o w i n g  c o n d i t i o n s  a r e  f u l f i l l e d * -
( i )  T h e  c o n t a c t s  a r e  o n  t h e  p e r i p h e r y  o f  t h e  s a m p le
( i i )  T h e  s a m p le  i s  u n i f o r m  i n  t h i c k n e s s
( i i i )  T h e  s u r f a c e  o f  t h e  s p e c im e n  i s  s i n g l y  c o n n e c t e d
( i . e .  t h e  s a m p le  d o e s  n o t  h a v e  i s o l a t e d  h o l e s )
( i v )  T h e  c o n t a c t s  a r e  s u f f i c i e n t l y  s m a l l .
-  6 8  -
e a c h  c o r n e r  ( F i g u r e  5 - 2 )  i t  i s  p o s s i b l e  t o  r e d u c e  t h e  i n f l u e n c e  o f  t h e
c o n t a c t  g e o m e t r y  s t i l l  f u r t h e r .  O t h e r  a d v a n t a g e s  o f  t h i s  c o n f i g u r a t i o n
a r e  t h a t  i t  g i v e s  a  r e l a t i v e l y  l a r g e  H a l l  e f f e c t  f o r  a  g i v e n  h e a t
d i s s i p a t i o n  ( i m p o r t a n t  f o r  lo w  m o b i l i t y  m a t e r i a l ) ,  a n d  t h e  c h o s e n
c o n f i g u r a t i o n  i s  a l s o  v e r y  m u c h  m o re  r o b u s t  t h a n  t h e  o l d  " d u m b e l l "
k
c o n f i g u r a t i o n  u s e d  b y  L a r g e .
F o r  m e a s u r in g  t h e  s p e c i f i c  r e s i s t i v i t y  o f  t h e  s a m p le  i n  F i g u r e  5 - 2  
i t  i s  n e c e s s a r y  t o  m e a s u r e  t h e  tw o  r e s i s t a n c e s  a n d  R ^  ^
t o g e t h e r  w i t h  t h e  t h i c k n e s s  o f  t h e  s a m p le .  T h e  s p e c i f i c  r e s i s t a n c e ,  P ,  
o f  t h e  s p e c im e n  i s  t h e n  g i v e n  b y s -
By using a square specimen configuration with special contact areas at
M . C.JL
R.8C)Da /  ( 5 - ik )
1
w h e re  ^ ( R ^  c:D /  R g C D A ) s a t i s f i e s  t h e  r e l a t i o n s h i p  
■Rw.CI? -  Rlte.W) = I  CUT. cook [ A  L L j 4 £ 1 ]
Rbc,DA I i  J (5-15)
T h e  H a l l  m o b i l i t y  c a n  b e  d e t e r m in e d  b y  m e a s u r in g  t h e  c h a n g e  o f  r e s i s t a n c e  
R g D  w hen  a  m a g n e t i c  f i e l d  i s  a p p l i e d  p e r p e n d i c u l a r  t o  t h e  s a m p le .  T h e  
H a l l  m o b i l i t y ,  . A ,  i s  t h e n  g i v e n  b y s -
I t  A  K s o . f l c
M h  :  4 / &  • p  . . . . .  (5 .X 6)
w h e r e  B  i s  t h e  m a g n e t i c  f i e l d  a n d  R R n  ^  i s  t h e  c h a n g e  i n  r e s i s t a n c e  
^ BD  A C  d u e  ma®n e 't i o  f i e l d *
5 . 2 . 2 . 1  M O B I L I T Y  AND C A R R IE R  C O N C E N T R A TIO N  F O R  T H I N  L A Y E R S
F ro m  e q u a t i o n  5 - 1 2  t h e  r e s i s t i v i t y  o f  a  t h i n  s h e e t ,  P ,  i s  g i v e n  bys-
s
where ^ C D  811(1 R2 ~ ^Bc/^AD 311(1 has a value
T h e  " s h e e t "  H a l l  c o e f f i c i e n t ,  R g ,  ( d e f i n e d  a s  R g = R ^ / d )  c a n  b e
d e t e r m ih e d  b y  m e a s u r in g  t h e  v o l t a g e  c h a n g e ,  j_\ V ^ ,  n o r m a l  t o  t h e  c u r r e n t
p a t h ,  I . ^ ,  w hen  a  m a g n e t i c  f i e l d  B  i s  a p p l i e d  p e r p e n d i c u l a r  t o  t h e
s a m p le .  R  i s  g i v e n  b y s -  
s
F o r  a n  im p l a n t e d  l a y e r  t h e  c a r r i e r  c o n c e n t r a t i o n  a n d  m o b i l i t y  a r e
d e p t h  d e p e n d e n t  a n d  t h e r e f o r e  b o t h  N g a n d  a r e  w e ig h t e d  a v e r a g e s .
8
P e t r i t z  h a s  sh o w n  t h a t  f o r  a  d e p t h  d e p e n d e n c e  o f  t h e  c a r r i e r  c o n c e n t r a t i o n  
t h e  H a l l  c o e f f i c i e n t  c a n  b e  e x p r e s s e d  a s  a  s u m m a t io n  o f  t h e  a v e r a g e  v a l u e s  
o f  c a r r i e r  c o n c e n t r a t i o n ,  n ^ , a n d  m o b i l i t y , j u { ,  i n  i  l a y e r s  o f  t h i c k n e s s ,  
d ^ . A s s u m in g  t h a t  t h e r e  a r e  n o  c i r c u l a t i n g  c u r r e n t s  a n d  t h a t  t h e  H a l l  
a n d  c o n d u c t i v i t y - m o b i l i t y  i n  t h e  i ^ k  l a y e r  a r e  e q u a l  t h e n ? -
c l o s e  t o  u n i t y  f o r  t h e  s y m m e t r i c a l  g e o m e t r y  u s e d  h e r e lr
OOOOO (5 . 1 8 )
( 5 . 1 9 )
w i t h  t h e  s h e e t  c o n d u c t i v i t y  <j: d e f i n e d  b y  0 7  -  c r  J  a n d  t h e
2
e f f e c t i v e  n u m b e r  o f  c a r r i e r s  p e r  cm ,  N q ,  c a n  b e  d e t e r m in e d  f r o m ? -
(5 .2 0 )
(5 .2 1 )
f r o m  w h ic h
S i m i l a r l y  t h e  c o n d u c t i v i t y  i s  e x p r e s s e d  b y s -
e r . . . .  ( 5 . 2 3 )
-  70 -
from which the sheet conductivity is given bys-
J i )  , . . . .  (5*24)
From 5*24 i t  can be seen  t h a t  th e  e f f e c t i v e  H a ll m o b il i ty  i s  w e ig h ted  by 
th e  c o n c e n tra t io n  o f  l a y e r s  w ith  h ig h e r  m o b il i ty  in  a  d i f f e r e n t  manner 
th a n  th e  c o n d u c tiv i ty  m o b il i ty  w h eres-
Jljft SS ^  & Tlj XL J l
fla fitj ° ° ° o o (5*25)
B u e h le r9 h as  in d ic a te d  t h a t  more a c c u r a te  v a lu e s  o f  N ( th e  t o t a l  
c o n c e n tra t io n  o f  c a r r i e r s )  can be d e te rm in e d  w ith  g r e a t e r  a c cu ra cy  by 
a  com b ina tion  o f  l a y e r  rem oval ( s t r ip p i n g )  and H a ll  m easurem ents*
M arsh10 has  a p p lie d  B u e h le r ’ s te c h n iq u e  to  io n  im p lan te d  s i l i c o n .  No 
a tte m p t has been made in  th e  p re s e n t  work to  combine H a ll  m easurem ents
I
w ith  s t r i p p in g ,  hence th e  w ork ing  w i l l  n o t  be re p ro d u c e d  h e r e .
5 .3  EXPERIMENTAL TECHNIQUES
5 .3 * 1  I s o l a t i o n  o f  th e  Im p lan ted  L ayer
F or n - ty p e  m a te r ia l  w hich i s  io n  im p la n te d , one .o b ta in s  ty p e  c o n v e rs io n  
due to  r a d i a t i o n  damage th u s  fo rm ing  a p - ty p e  im p lan te d  l a y e r  . I f  p - ty p e  
d o p a n ts  a re  u sed  f o r  im p la n ta t io n  th e n  th e  p -n  ju n c t io n  p roduced  by th e  
r a d i a t i o n  damage i s  r e t a in e d  ev en  a f t e r  a n n e a lin g  becau se  th e  im p lan te d  
d o p a n ts  become e l e c t r i c a l l y  a c t i v e .  U n fo r tu n a te ly  th e  s e l f - b i a s  in g  
p r o p e r t ie s  o f  th e  p -n  ju n c t io n  th u s  p roduced  were e x tre m e ly  poor a t  room 
te m p e ra tu re . Thus a l a r g e  f r a c t i o n  o f  th e  c u r r e n t  flow  was found t o  be 
p a s s in g  th ro u g h  th e  germanium s u b s t r a te  in s te a d  o f  b e in g  c o n fin e d  t o  th e  
Van d e r  Pauw im p lan t r e g io n .  I n  an a tte m p t to  in c r e a s e  th e  i s o l a t i o n  
o f  th e  im p lan te d  l a y e r  a  r e v e r s e  b ia s  was a p p lie d  a c ro s s  th e  j u n c t io n .
T h is  r e v e r s e  b ia s  p roduced  a  s ta n d in g  v o lta g e  much l a r g e r  th a n  th e  sm a ll 
v o l ta g e s  to  be m easured and becau se  o f  th e  poor r e c t i f y i n g  p r o p e r t ie s
o f  t h e  d i o d e  t h e  l e a k a g e  c u r r e n t  w a s  a c t u a l l y  i n c r e a s e d .  F i g u r e  5 . 3  
s h o w s  t h e  i n c r e a s e  i n  l e a k a g e  c u r r e n t  ( a n d  t h e  e f f e c t  o n  t h e  
r e l a t i o n s h i p )  a s  a  f u n c t i o n  o f  r e v e r s e  b i a s  v o l t a g e .  I t  w a s  sh o w n  b y  J o n e s  
t h a t  t h e  o n l y  e f f e c t i v e  w a y  o f  r e d u c i n g  t h e  l e a k a g e  c u r r e n t  w as t o  
o p e r a t e  a t  lo w  t e m p e r a t u r e s  ( i n  p r a c t i c e  n e a r  l i q u i d  n i t r o g e n  t e m p e r a t u r e s )  
F i g u r e  5 . 4  s h o w s  t h e  r e s u l t s  o f  a  t y p i c a l  s e r i e s  o f  i m p l a n t s  ( i n  t h i s
j u n c t i o n  b e c o m e s  m u ch  m o re  e f f i c i e n t  a n d  e f f e c t i v e l y  i s o l a t e s  t h e
i m p l a n t e d  l a y e r  s o  t h a t  c u r r e n t  c o n d u c t i o n  t h r o u g h  t h e  i m p l a n t e d  l a y e r
d o m in a t e s ,  w i t h  t h e  r e s i s t i v i t y  a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  i o n  d o s e .
N o t e  t h a t  t h e s e  j u n c t i o n s  a r e  s i m p l y  t h o s e  p r o d u c e d  b y  r a d i a t i o n  d a m a g e .
F i g u r e  5 . 5  i n d i c a t e s  a  s i m i l a r  p l o t  f o r  4 0 k e V  in d iu m  i m p l a n t s ,  b o t h
o ,
b e f o r e  a n d  a f t e r  a n n e a l i n g  a t  5 0 0  C  f o r  4 5  m i n u t e s .  T h e  e f f e c t  o f  
a n n e a l i n g  i s  t o  i n c r e a s e  t h e  r e s i s t i v i t y  b y  p r e s u m a b ly  r e d u c i n g  t h e  
r a d i a t i o n  d a m a g e .
S i m i l a r  r o o m  t e m p e r a t u r e  I s o l a t i o n  p r o b le m s  w e r e  e n c o u n t e r e d  f o r  
n - t y p e  i m p l a n t e d  l a y e r s  o n  p - t y p e  s u b s t r a t e s .  I n  t h i s  c a s e ,  a n n e a l i n g  
t o  4 5 0 ° C  o r  a b o v e  w a s  r e q u i r e d  t o  c o n v e r t  t h e  i m p l a n t e d  l a y e r s  f r o m  
p - t y p e  ( r a d i a t i o n  d a m a g e  p r e d o m i n a t i n g )  t o  n - t y p e  ( i m p l a n t e d  n - t y p e  
d o p a n t  i o n s  p r e d o m i n a t i n g ) .  M u c h  g r e a t e r  d i f f i c u l t y  w a s  e n c o u n t e r e d ' 
i n  m a k in g  s a t i s f a c t o r y  lo w  r e s i s t a n c e ,  o h m ic  c o n t a c t s  t o  t h e  n - t y p e  
i m p l a n t e d  l a y e r s  t h a n  f o r  t h e  e q u i v a l e n t  p - t y p e  l a y e r s .  P r e v i o u s  w o r k  
b y  J o n e s ^  o n  n - t y p e  l a y e r s ,  w a s  i n  f a c t  a b a n d o n e d  b e c a u s e  o f  
t h i s  d i f f i c u l t y 9 t h e  c o n t a c t s  b e c o m in g  v e r y  t r o u b le s o m e  a b o v e  500° G o
A t  t h i s  p o i n t  a  m o re  d e t a i l e d  e x p l a n a t i o n  o f  t h e  c o n t a c t  s y s t e m  
u s e d  i s  r e q u i r e d .  B a s i c a l l y  t h e  c o n t a c t s  w e r e  i o n  im p l a n t e d  t h r o u g h
c a s e  4 0 k e V  g a l l i u m ) .  F r o m  t h e  r e l a t i o n s h i p
t h e  v a l u e  o f  a s  a  f u n c t i o n  o f  t h e  m e a s u r e m e n t  t e m p e r a t u r e  a r e
p l o t t e d .  T h i s  g r a p h  i n d i c a t e s  a  m a r k e d  c h a n g e  b e lo w  2 5 0 ° K .  T h e  p - n
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Fig. 5.3 Variation of leakage current (JS^)   -----
and (V/o /  Ip) Si- as a function of reverse
bias voltage. ( 1 x 1 0 12 Ga ions cm"2 a t 40keV  
measured at room temperature)
Fig. 5.4 Variation of P / 6  as a function of temp, 
for 40keV  Gallium implants.
Fig. 5.5 Variation of CP/6 ' )  as a function of temperature 
for 4 0 ke V  Indium implants, (room temp, and 
SOO°C anneal for 45 minutes.)
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Fig. 5.6 Typical voltage/current characteristics of contact
areas b e fo r e —  and a f t e r  annealing.
(Boron implant)
a  s e p a r a t e  m a sk  ( s e e  F i g u r e  5 . 2 ) ,  a  t e c h n i q u e  d e v e lo p e d  b y  E l l i s  a n d
G u n n e r s o n 11  t o  m ake  c o n t a c t s  t o  d e e p  l i t h i u m - d r i f t e d  g e rm a n iu m  g a im n a -ra y
d e t e c t o r s .  T h e  i o n s  u s e d  b y  J o n e s  f o r  t h e  p r o d u c t i o n  o f  p - t y p e  c o n t a c t
l k  +
r e g i o n s  w e r e  i n i t i a l l y  b o r o n  a n d  l a t e r  g a l l i u m .  D o s e s  o f  ^  2  x  1 0  B
i o n s  w q r e  i m p l a n t e d  a t  e n e r g i e s  o f  4 0 ,  70  a n d  lO O k e V  i n  o r d e r  t o  g i v e
d e e p ^ r e l a t i v e l y  u n i f o r m  d o p e d  l a y e r s .  T h e s e  c o n t a c t s  w e r e  t h e n  a n n e a le d
a t  5 0 0 ° C  f o r  t h i r t y  m i n u t e s .  F i g u r e  5 . 6  sh o w s  t h e  1 - V  c h a r a c t e r i s t i c s
o f  t h e  d i o d e  p r o d u c e d  b e f o r e  a n d  a f t e r  a n n e a l i n g .  T h e  c o n t a c t s  w e r e  t o
b e  u s e d  i n  c o n j u n c t i o n  w i t h  s t r i p p i n g  e x p e r im e n t s  h e n c e  t h e  c o n t a c t
a r e a s  h a d  t o  b e  d e e p e r  t h e n  t h e  i m p l a n t e d  l a y e r  u n d e r  i n v e s t i g a t i o n .
T h i s  i s  n o t  t h e  c a s e  i n  t h e  p r e s e n t  w o r k .  T h e  o n l y  im p o r t a n t
c o n s i d e r a t i o n  i s  t h a t  a  s u f f i c i e n t  © o n c e n t r a t i o n  o f  i m p l a n t e d  i o n s  e x i s t s
a t  t h e  s u r f a c e  o f  t h e  c o n t a c t  a r e a .  A d e q u a t e  p - t y p e  c o n t a c t s  w e r e
p r o d u c e d  b y  a  c o m b in a t io n  o f  4 0  a n d  y O k e V  g a l l i u m  i m p l a n t s  ( d o s e s  b e i n g  .
15  - 2 \
< v*6.25 a n d ^ 8 . 5  x  10  i o n s . c m  ) .  N - t y p e  c o n t a c t s  w e r e  f a b r i c a t e d
u s i n g  e i t h e r  p h o s p h o r o u s  o r  a n t im o n y .  T h e  p h o s p h o r o u s  i m p l a n t s  w e r e
15 -P  1 «=?
a l l  a t  4 0 k e V  w i t h  t h e  d o s e  v a r y i n g  f r o m  2 x  10  i o n s  .c m  t o  10  i o n s ,  cm .
T h e  a n t im o n y  I m p la n t s  w e r e  a l l  a t  7 0 k e V  w i t h  d o s e s  v a r y i n g  f r o m
2 x  l O 1^ t o  4  x  l O 1 ^ i o n s . c m  2 .
B o t h  n  a n d  p  t y p e  c o n t a c t s  w e r e  a n n e a le d  t o  5 2 5 ° C  o r  5 5 0 ° C  f o r
thirty minutes before being Ghecked electrically. The p-type gallium
c o n t a c t s  p r o v e d  s a t i s f a c t o r y  a l t h o u g h  s l i g h t l y  l e s s  s o  t h a n  t h e
6
o r i g i n a l  b o r o n  c o n t a c t s  u s e d  b y  J o n e s .  O f  t h e  n - t y p e  c o n t a c t s  t h e  
h i g h  d o s e  p h o s p h o r  vus c o n t a c t s  p r o v e d  t h e  b e s t  w i t h  t h e  lo w  d o s e  a n t im o n y  
c o n t a c t s  b e i n g  t h e  w o r s t ,  a l t h o u g h  n e i t h e r  w e re  a s  g o o d  a s  t h e  p - t y p e  
g a l l i u m  i m p l a n t s .  T h e  a d d e d  a d v a n t a g e  o f  t h e  p - t y p e  c o n t a c t s  w a s  
t h a t  t h e  p - t y p e  r a d i a t i o n  d a m a g e  c o u l d  b e  m o n i t o r e d  e l e c t r i c a l l y  f r o m  
r o o m  t e m p e r a t u r e  u p  t o  t h e  t e m p e r a t u r e  a t  w h ic h  t h e  p - t y p e  d o p a n t s
- 73 -
b e c a m e  e l e c t r i c a l l y  a c t i v e .  W i t h  t h e  n - t y p e  c o n t a c t s  n o  m e a n in g f u l  
m e a s u r e m e n t s  c o u l d  b e  m ade u n t i l  t h e  i m p l a n t e d  l a y e r  u n d e r  s t u d y  h a d  
r e - o r d e r e d  s u f f i c i e n t l y  t p  e x h i b i t  n - t y p e  b e h a v i o u r  ( f r o m  t h e  n - t y p e  
i m p l a n t e d  d o p a n t s ) .
A f t e r  t h e  c o n t a c t  a r e a s  h a d  b e e n  i m p l a n t e d  a n d  a n n e a le d  t h e  i o n s  
u n d e r  i n v e s t i g a t i o n  w e r e  I m p la n t e d  a s  d e s c r i b e d  i n  C h a p t e r  t h r e e .  T h e  
s a m p le s  w e r e  t h e n  p l a c e d  I n  t h e  r e s i s t i v i t y / H a l l  e f f e c t  m e a s u r in g  
a p p a r a t u s .  T h e  s a m p le  m o u n t in g  j i g  i s  sh o w n  i n  F i g u r e  5 - 7 ,  t h e  i m p l a n t e d  
s a m p le  f i t t e d  i n t o  t h e  m a c h in e d  r e c e s s  a s  s h o w n . T h e  w h o le  j i g  w a s  
m a c h in e d  f r o m  a  s o l i d  a lu m in iu m  r o d ,  w h ic h  w a s  a f t e r w a r d s  s u r f a c e  
a n o d i s e d ,  i n  o r d e r  t o  e l e c t r i c a l l y  i s o l a t e  t h e  s p e c im e n  f r o m  t h e  j i g .
T h e  f o u r  c o n t a c t  p r o b e s  w e r e  c o n s t r u c t e d  f r o m  s m a l l  c o p p e r  r i v e t s ,
1 ”
a p p r o x i m a t e l y  i n  d i a m e t e r ,  w h o s e  e n d s  w e r e  m a c h in e d  t o  a  h e m i­
s p h e r i c a l  t i p .  T h e  c o n v e n t i o n a l  s h a r p ,  h e a v i l y  l o a d e d  c o n t a c t s  u s u a l l y  
e m p lo y e d  w e r e  u s e l e s s  i n  t h i s  p a r t i c u l a r  a p p l i c a t i o n  b e c a u s e  t h e y  
s i m p l y  " p u n c h  t h r o u g h "  t h e  v e r y  t h i n  im p l a n t e d  l a y e r  t o  t h e  s u b s t r a t e  
b e n e a t h .  A s  c a n  b e  s e e n  f r o m  F i g u r e  5 - 7  t h e  r i v e t s  w e r e  c o u n t e r s u n k  
i n t o  t h e  p e r s p e x  b l o c k  a n d  h e l d  I n  p o s i t i o n  w i t h  a  s m a l l  l e a f  s p r i n g  
m ad e  o f  p h o s p h o r - b r o n z e .  T h e  e l e c t r i c a l  l e a d s  w e r e  a l s o  c o n n e c t e d  t o  
t h e s e  s p r i n g s .  S u c h  a n  a r r a n g e m e n t  p r o v i d e s  g o o d  c o n t a c t s  t o  t h e  
im p l a n t e d  l a y e r  a t  r o o m  t e m p e r a t u r e .  H o w e v e r ,  a t  n e a r  l i q u i d  n i t r o g e n  
t e m p e r a t u r e  som e d i f f i c u l t y  c o u l d  b e  e n c o u n t e r e d  i n  t h e  f o r m  o f  h i g h  
r e s i s t a n c e  n o n - o h m ic  c o n t a c t s .  T h i s  s i t u a t i o n  c o u l d  u s u a l l y  b e  ' 
im p r o v e d  b y  t h e  a p p l i c a t i o n  o f  a  l i t t l e  i n d i u m / g a l l i u m  e u t e c t i c  t o
t h e  p r o b e  t i p s .  A  f u l l e r  d i s c u s s i o n  o f  p r o b e  t i p s  h a s  b e e n  g i v e n  b y
12
G l e r c  . T h e  p e r s p e x  b l o c k  c a r r y i n g  t h e  p r o b e s  c a n  t h e n  b e  lo w e r e d  
o n t o  t h e  I m p la n t e d  s a m p le  a n d  s c r e w e d  i n t o  p o s i t i o n .  T h i s  o p e r a t i o n  
a c t u a l l y  t e n s i o n s  t h e  p h o s p h o r - b r o n z e  s p r i n g s .
_  7k -
Fig. 5.7 Sketch of Sample Jig used fo r Hall and
Resistivity measurements showing contact pin 
arrangement.
T h e  J i g  i t s e l f  w a s  s c r e w e d  o n t o  t h e  e n d  o f  a  l i q u i d  n i t r o g e n  c o l d  
f i n g e r  w h ic h  c o u l d  t h e n  b e  i n s e r t e d  i n t o  a  s m a l l  v a c u u m  c h a m b e r  s i t u a t e d  
b e tw e e n  t h e  p o l e  t i p s  o f  a n  e l e c t r o m a g n e t  r e q u i r e d  f o r  t h e  H a l l  e f f e c t  
m e a s u r e m e n t s .  T h e  s a m p le s  w e r e  c o o l e d  u s i n g  t h e  l i q u i d  n i t r o g e n  c o l d  
f i n g e r .  T h e  s a m p le  t e m p e r a t u r e  w a s  m o n i t o r e d  u s i n g  a  t h e r m o c o u p le  
c la m p e d  t o  t h e  s p e c im e n  j i g  c l o s e  t o  t h e  im p l a n t e d  s a m p le .
U s i n g  t h e  V a n  d e r  P au w  c o n f i g u r a t i o n  m e a n t  t h a t  f o u r  p o s i t i o n s  o f  
v o l t a g e  a n d  c u r r e n t  c o n t a c t s  w e r e  p o s s i b l e  a n d  i f  t h i s  i s  c o m b in e d  w i t h  
c u r r e n t  r e v e r s a l  t h e n  e i g h t  s e p a r a t e  s e t s  o f  c u r r e n t  a n d  v o l t a g e  v a l u e s  
w e r e  r e q u i r e d  f o r  a  r e s i s t i v i t y  m e a s u r e m e n t .  S i m i l a r l y ,  f o u r  p o s i t i o n s  
o f  v o l t a g e  a n d  c u r r e n t  c o n t a c t s  w e r e  p o s s i b l e  f o r  H a l l  e f f e c t  m e a s u r e m e n ts  
a n d  t h i s  c o m b in e d  w i t h  c u r r e n t  r e v e r s a l  a n d  m a g n e t i c  f i e l d  r e v e r s a l  m e a n t  
t h a t  s i x t e e n  s e p a r a t e  s e t s  o f  c u r r e n t  a n d  v o l t a g e  v a l u e s  w e r e  r e q u i r e d  
f o r  a  H a l l  e f f e c t  m e a s u r e m e n t .  A  s p e c i a l  s w i t c h i n g  r i g ,  d e v e lo p e d  b y  
J o n e s ,  w a s  u s e d  t o  s i m p l i f y  t h e  m e a s u r e m e n t s .  T h e  c i r c u i t  i s  sh o w n  i n  
F i g u r e  5 * 8 .  T h e  m a g n e t i c - f i e l d  c h o s e n  f o r  t h e  e x p e r im e n t s  w a s  5 * 5 0 0  g a u s s .  
I n  o r d e r  t o  r e v e r s e  t h i s  f i e l d  t h e  c u r r e n t  s u p p l i e d  t o  t h e  m a g n e t i c  
h a d  t o  b e  r e d u c e d  t o  z e r o  b e f o r e  r e v e r s a l  w as p o s s i b l e .  T h e  m a g n e t i c  
f i e l d  w a s  c h e c k e d  u s i n g  a  P y e  " b a l l i s t i c  g a lv a n o m e t e r "  c a l i b r a t e d  
d i r e c t l y  i n  g a u s s .  T h e  m a g n e t i c  f i e l d  s t a b i l i t y  w a s  1  p a r t  i n  l o \
A l l  v o l t a g e  m e a s u r e m e n ts  w e r e  u n d e r t a k e n  u s i n g  a  S o l a r t r o n  6 - d i g i t  
v o l t m e t e r .  T h e s e  i n c l u d e d  t h e  t h e r m o c o u p le  v o l t a g e s  a n d  t h e  v o l t a g e  
d e v e lo p e d  a c r o s s  a  s t a n d a r d  r e s i s t a n c e  b y  t h e  c u r r e n t  f l o w i n g  t h r o u g h  
t h e  i m p l a n t e d  s p e c im e n s .
A l l  a n n e a l i n g  s c h e d u l e s  w e r e  c a r r i e d  o u t  u s i n g  a  q u a r t z  t u b e  f u r n a c e .  
T h e  i m p l a n t e d  s a m p le s  w e r e  p l a c e d  f a c e  d o w n w a rd s  o n  a  g e rm a n iu m  b o a t  
a n d  a n n e a le d  f o r  t h e  r e q u i r e d  t im e  a n d  t e m p e r a t u r e ,  u s i n g  a n  a r g o n  f l o w  
a t m o s p h e r e  i n  a n  a t t e m p t  t o  r e d u c e  o x i d a t i o n .
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5 , k .  A n  E x a m i n a t i o n  o f  Som e B a s i c  A s s u m p t io n s
S e v e r a l  b a s i c  a s s u m p t io n s  h a v e  b e e n  m ade s o  f a r .  a n d  i t  i s  t h e
p u r p o s e  o f  t h i s  s e c t i o n  t o  c h e c k  t h e i r  v a l i d i t y .  F o r  e x a m p le ,  w e a r e
i n v e s t i g a t i n g  t h e  r e s i s t a n c e  o f  i m p l a n t e d  l a y e r s  w h ic h  a r e  o n l y  a  fe w
A /  h u n d r e d ^ J ln g s t r o m s  t h i c k .  M e t a l  f i l m s  o f  s u c h  t h i c k n e s s  d i s p l a y  a  h i g h e r
t h a n  e x p e c t e d  r e s i s t a n c e  d u e  t o  t h e  " s i z e  e f f e c t " . T h i s  o c c u r s  w h e n
t h e  m ean  f r e e  p a t h  o f  t h e  c o n d u c t i o n  e l e c t r o n s  w i t h i n  t h e  m e t a l  b e c o m e s
c o m p a r a b le  t o  t h e  t h i c k n e s s  o f  t h e  f i l m .  T h e  e l e c t r o n s  t h e n  s u f f e r  a n
i n c r e a s e d  n u m b e r  o f  " c o l l i s i o n s "  b e c a u s e  o f  t h e i r  i n t e r a c t i o n  w i t h  t h e
1 3
b o u n d a r i e s  o f  t h e  t h i n  f i l m s .  J o f f e  h a s  d e m o n s t r a t e d  t h a t  f o r  m an y
1*^4* X5
lo w  m o b i l i t y  s e m ic o n d u c t o r s  * t h e  "m e a n  f r e e  p a t h "  d e d u c e d  f r o m  a  
k i n e t i c  a p p r o a c h  t u r n s  o u t  t o  b e  s m a l l e r  t h a n  t h e  I n t e r a t o m i c  d i s t a n c e s !
H o w e v e r ,  t h e  " s i z e  e f f e c t "  h a s  b e e n  o b s e r v e d  i n  t h i n  f i l m s  o f  l e a d
X6 2
s u l p h i d e  a n d  i n  s i n t e r e d  s t r u c t u r e s  o f  o x i d e s  o r  f e r r i t e s .  P u t l e y
h a s  a l s o  p o i n t e d  o u t  t h a t  f o r  n e a r  l i q u i d  h e l i u m  t e m p e r a t u r e s  t h e  m ean
f r e e  p a t h  l e n g t h  i n c r e a s e s  s o  d r a s t i c a l l y  t h a t  e v e n  n o r m a l  s i z e d  c r y s t a l s ?
m u s t  b e  c o n s i d e r e d  " t h i n "  f r o m  t h e  s i z e  e f f e c t  p o i n t  o f  v i e w .  ' I n
g e n e r a l ,  t h e  s i z e  e f f e c t  w i l l  o c c u r  f o r  d e c r e a s i n g  i m p l a n t e d  l a y e r
t h i c k n e s s ,  d e c r e a s i n g  t e m p e r a t u r e  a n d  i n c r e a s i n g  c a r r i e r  m o b i l i t y .
E a c h  r e s i s t i v i t y  m e a s u r e m e n t  s h o u l d  b e  c o n s i d e r e d  t o g e t h e r  w i t h  t h e s e
t h r e e  r e l e v a n t  f a c t o r s .
C l o s e l y  l i n k e d  w i t h  t h e  t h i c k n e s s  o f  t h e  i m p l a n t e d  l a y e r  i s  t h e
p r o b le m  o f  s u r f a c e  s t a t e s .  I t  i s  u n a v o i d a b l e  t h a t  t h e  s u r f a c e s  o f  t h e
s e m ic o n d u c t o r  s a m p le s  a r e  c o m p l e t e l y  c o n t a m i n a t i o n  f r e e .  S u c h  s u r f a c e
i m p u r i t i e s  c o u p l e d  w i t h  t h e  a b r u p t  c e s s a t i o n  o f  t h e  c r y s t a l  l a t t i c e  c a n
p r o d u c e  s u r f a c e  c o n d u c t i o n  v e r y  d i f f e r e n t  t o  t h a t  i n  t h e  s u b - s u r f a c e
r e g i o n s  o f  t h e  c r y s t a l ,  e v e n  t o  t h e  p o i n t  o f  c h a n g in g  t h e  t y p e  o f  t h e
m a j o r i t y  c a r r i e r .  I f  t h i s  " s u r f a c e  l a y e r "  h a s  a  h i g h e r  r e s i s t i v i t y
-  7  6  -
t h a n  t h e  i m n l a n t e d  l a y e r  i t  i s  n o t  l i k e l y  t o  g i v e  r i s e  t o  a  g r e a t  d e a l
o f  t r o u b l e .  I f ,  o n  t h e  o t h e r  h a n d ,  t h e  s u r f a c e  r e s i s t a n c e  i s  a p p r e c i a b l y
l o w e r  t h a n  t h e  i m p l a n t e d  l a y e r  i t  w i l l  e f f e c t i v e l y  " s h o r t  o u t "  t h e
r e s i s t a n c e  o f  t h e  im p l a n t e d  l a y e r .  T h e  e f f e c t s  o f  o x y g e n 1 *^  o z o n e 1 ^ a n d  
19
w a t e r  v a p o u r  h a v e  b e e n  s t u d i e d  a n d  i t  h a s  b e e n  s h o w n  t h a t  s u r f a c e
i n v e r s i o n  c a n  b e  a c c o m p l i s h e d .  A  w a t e r  v a p o u r  a m b ie n t  p r o d u c e s  n - t y p e
b e h a v i o u r ,  c o n v e r t i n g  t o  p - t y p e  a f t e r  o z o n e  e x p o s u r e .  F u r t h e r  c o n s i d e r a t i o n
o f  s u r f a c e  e f f e c t s  w i l l  b e  p o s t p o n e d  u h t i l  C h a p t e r  s e v e n .
I t  h a s  b e e n  a s s u m e d  t h a t  t h e  e l e c t r i c a l  e f f e c t s  o f  t h e  r a d i a t i o n
d a m a g e  a c c o m p a n y in g  i m p l a n t a t i o n  b e co m e  v e r y  s m a l l  c o m p a r e d  w i t h  t h e
e l e c t r i c a l  a c t i v i t y  o f  t h e  i m p l a n t e d  i o n s .  F i g u r e  5 ° 9  i l l u s t r a t e s  t h e
m o b i l i t y  v e r s u s  c a r r i e r  c o n c e n t r a t i o n  f o r  I m p la n t e d  a n n e a le d  g a l l i u m
a n d  in d iu m  i m p l a n t s  f r o m  t h e  w o r k  o f  J o n e s ^ ,  c o u p l e d  w i t h  som e r e s u l t s
f o r  i n d iu m  a n d  t h a l l i u m  f r o m  t h e  p r e s e n t  w o r k .  T h e  c o n t i n u o u s  l i n e
20 21
c o r r e s p o n d s  t o  t h e  m o b i l i t y  e x p e c t e d  f r o m  b u l k  m a t e r i a l .  5 S i n c e
t h e  e f f e c t  o f  r a d i a t i o n  d a m a g e  o n  m o b i l i t y  i s  g r e a t e r  a t  l i q u i d  n i t r o g e n
22
t e m p e r a t u r e  t h a n  a t  ro o m  t e m p e r a t u r e  t h e  h i g h  m o b i l i t i e s  s u g g e s t  t h a t ,  
f r o m  a n  e l e c t r i c a l  v i e w p o i n t ,  t h e  a n n e a l i n g  o f  d a m a g e  w a s  v i r t u a l l y  c o m p l e t e .
- 77 -
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C H A P T E R  V I  
R U T H E R F O R D  B A C K S C A T T E R IN G  AND E L E C T R I C A L  R E S U L T S
T h e  r e s u l t s  o b t a i n e d  f r o m  R u t h e r f o r d  b a c k s c a t t e r i n g  a n d  e l e c t r i c a l  
m e a s u r e m e n t s  p e r f o r m e d  u p o n  v a r i o u s  i o n  i m p l a n t e d  g e rm a n iu m  s a m p le s  a r e  
p r e s e n t e d  i n  t h i s  c h a p t e r .  T h e  n e c e s s a r y  a s s u m p t io n s  u s e d  i n  c o n v e r t i n g  
r a w  d a t a  t o  t h e  f i n a l  g r a p h i c a l  f o r m  a r e  a l s o  g i v e n ,  w h e re  a p p l i c a b l e ,  
t o g e t h e r  w i t h  a n y  o t h e r  f a c t o r s  o f  im p o r t a n c e .
6 . 1  R U T H E R F O R D  B A C K S C A T T E R IN G  D A TA
6 . 1 . 1  L a t t i c e  D am age  D o s e  D e p e n d e n c e
T h e  i m p l a n t a t i o n  l a t t i c e  d a m a g e  w a s  d e t e r m in e d  f r o m  a l i g n e d  < L 1 1 >  
( 1 . 5  M eV  h e l iu m )  b a c k s c a t t e r i n g  s p e c t r a ,  u s i n g  t h e  m e th o d  d e s c r i b e d  i n  
s e c t i o n  4 . 3 ° 2 °  T h e  l a t t i c e  d a m a g e  i s  sh o w n  p l o t t e d  a s  a  f u n c t i o n  o f  
im p l a n t e d  i o n  d o s e  i n  F i g u r e  6 . 1 .  F o r  c o n v e n ie n c e  t h e  r e s u l t s  f o r  G a ,  
I n ,  T l ,  S b  a n d  B i  a r e  sh o w n  t o g e t h e r .
I t  s h o u l d  b e  n o t e d  a t  t h i s  p o i n t  t h a t  t h e  v a r i o u s  d a m a g e  b u i l d - u p  
c u r v e s  sh o w n  i n  F i g u r e  6 . 1  w e r e  o b t a i n e d  u s i n g  s e v e r a l  s o l i d  s t a t e  
d e t e c t o r s  a n d  h e n c e  a  c e r t a i n  d e g r e e  o f  n o r m a l i z a t i o n  w a s  r e q u i r e d  t o  
c o r r e c t  f o r  t h e  d i f f e r e n t  a c t i v e  d e t e c t o r  a r e a s .  T h e  d e t e c t o r s  u s e d ,  
a l t h o u g h  o f  a d e q u a t e  r e s o l u t i o n ,  s u f f e r e d  f r o m  l i m i t e d  l i f e t i m e  u n d e r  
v a c u u m  p r o b a b l y  b e c a u s e  t h e y  w e r e  s e v e r a l  y e a r s  o l d  a n d  t h e i r  c o n t a c t s  
w e r e  b e c o m in g  u n r e l i a b l e  d u e  t o  s u r f a c e  o x i d a t i o n .
I t  w o u ld  a p p e a r  t h a t  t h e  i m p l a n t a t i o n  d a m a g e  i n c r e a s e s  l i n e a r l y  a s
lit „p
a  f u n c t i o n  o f  d o s e ,  u p  t o  a  l i m i t  o f  ^  10  i o n s . c m  ,  a f t e r  w h ic h  t h e  
d a m a g e  a lm o s t  s a t u r a t e s .  S u c h  b e h a v i o u r  i s  e x a c t l y  t h a t  e x p e c t e d  o f  
t h e  s i m p l e  m o d e l  o u t l i n e d  i n  s e c t i o n  2 . 3 . 1 . T h i s  i s  s u p p o r t e d  b y  t h e  
g a l l i u m ,  r e s u l t s  o b t a i n e d  w i t h  a  h i g h  r e s o l u t i o n  ( ^ 1 3 k e V )  d e t e c t o r .
H e r e  t h e  s u r f a c e  d a m a g e  p e a k  c e r t a i n l y  c o i n c i d e d  w i t h  t h e  r a n d o m  s p e c t r a  
i n d i c a t i n g  t h a t  t h e  i m p l a n t e d  l a y e r  w a s  p r o b a b l y  " a m o r p h o u s " .
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t h e  " a m o r p h o u s "  l a y e r  c r e a t e d  i n d i c a t e  t h a t  a p p r o x i m a t e l y  5000  l a t t i c e
a to m s  a r e  d i s p l a c e d  p e r  i n c i d e n t  7 0 k e V  i o n .  T h i s  i s  i n  a g r e e m e n t  w i t h  
2
e a r l i e r  w o r k .
6 . 1 . 2  L a t t i c e  D am age a s  a  F u n c t i o n  o f  I m p l a n t a t i o n  E n e r g y
E q u a t i o n s  o f  t h e  K i n c h i n  P e a s e  ( 2 , 1 7 )  a n d  S n y d e r - N e u f e l d  ( 2 . 1 8 )  t y p e
p r e d i c t  a  l i n e a r  d e p e n d e n c e  o f  d a m a g e  ( d i s p l a c e d  l a t t i c e  a t o m s )  w i t h
%
i n c r e a s i n g  i m p l a n t a t i o n  e n e r g y  f o r  a  g i v e n  i o n  s p e c i e s .  T o  t e s t  t h i s  
p r e d i c t i o n  a  f i x e d  d o s e  o f  t h a l l i u m  i o n s  w e r e  im p l a n t e d  i n t o  g e rm a n iu m  
< 1 1 1 >  s u b s t r a t e s  f o r  a  r a n g e  o f  e n e r g i e s  b e tw e e n  1 0  a n d  8 0 k e V ,  T h e  
d a m a g e  a s s e s s e d  b y  h e l i u m  b a c k s c a t t e r i n g  a s  a. f u n c t i o n  o f  i m p l a n t a t i o n
e n e r g y  i s  sh o w n  i n  F i g u r e  6 , 2 ,  T h e  i m p l a n t a t i o n  d o s e  c h o s e n  w as
1 3  -2
3  x  10  t h a l l i u m  i o n s . c m  ,  s u f f i c i e n t l y  h i g h  t o  o b t a i n  a  w e l l  d e f i n e d
d a m a g e  p e a k  a n d  y e t  w e l l  b e lo w  t h e  l e v e l  o f  " a m o r p h i c i t y " . T o  a  f i r s t
a p p r o x i m a t i o n  t h e  m ean  p r o j e c t e d  i o n  r a n g e  i s  p r o p o r t i o n a l  t o  e n e r g y
a n d  h e n c e  f o r  a n  i o n  d o s e  s u f f i c i e n t  t o  c a u s e  " a m o r p h i c i t y "  t h e  d a m a g e
w i l l  n e c e s s a r i l y  b e  p r o p o r t i o n a l  t o  e n e r g y  ( u n t i l  t h e  e n e r g y  i s  h i g h
e n o u g h  t o  p r o d u c e  a  b u r i e d  d a m a g e  l a y e r ) .  F i g u r e  6 . 2  c l e a r l y  i n d i c a t e s
t h a t  a  l i n e a r  r e l a t i o n s h i p  e x i s t s  b e tw e e n  d a m a g e  a n d  i o n  e n e r g y .
A n  e s t i m a t e  o f  E ^  ( d i s p l a c e m e n t  e n e r g y )  r e q u i r e s  t h a t  t h e  b a c k s c a t t e r e d
y i e l d  b e n e a t h  t h e  d a m a g e  p e a k  c a n  b e  c o n v e r t e d  i n t o  t h e  n u m b e r  o f
d i s p l a c e d  l a t t i c e  a t o m s .  A n  a l t e r n a t i v e  m e th o d  t o  t h e  o n e  d e s c r i b e d
2
a b o v e  i s  t o  i m p l a n t  a  k n o w n  d o s e  o f  t h a l l i u m  a n d  t o  u s e  t h e  
d e p e n d e n c e  o f  t h e  h e l i u m  s c a t t e r i n g  y i e l d  t o  c o m p a re  t h e  k n o w n  a m o u n t  
o f  t h a l l i u m  t o  t h e  u n k n o w n  a m o u n t  o f  d i s p l a c e d  g e r m a n iu m . U s i n g  t h e  
S n y d e r - N e u f e l d  e q u a t i o n  a  v a l u e  o f  =  7 , 5 e V  -  1 0 $  i s  f o u n d  f o r  
g e r m a n iu m . T h i s  r e s u l t  i g n o r e s  t h e  s m a l l  a m o u n t o f  e n e r g y  l o s t  i n t o  
e l e c t r o n i c  p r o c e s s e s ,  b u t  e v e n  s o  i t  i s  s i g n f i c a n t l y  s m a l l e r  t h a n  t h e
Calculations based on equation 4.12 and assumptions on the depth of
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Fig, 6 .2  Implantation damage in Germanium caused by a 
dose of 3x10 Tl ions cm1 as a function of 
implantation energy.
Fjg. 6.3 Increased dechannelling yield fo r  <U1> Ge after 
~ 1 0 <7 5 0 0 keV He'" ions cm2
d i s p l a c e m e n t  e n e r g y  f o u n d  b y  e l e c t r o n  i r r a d i a t i o n  t e c h n i q u e s .  I t  i s ,  
t h e r e f o r e ,  h i g h l y  p r o b a b l y  t h a t  s t r a i n  in d u c e d  d i s p l a c e m e n t  i s  o c c u r r i n g  
a r o u n d  t h e  i n d i v i d u a l  d a m a g e  t r a c k s .  T h u s  r e g u l a r  l a t t i c e  a to m s  a r e  
d i s p l a c e d  m o re  t h a n  t h e  T h o m a s - -F e rm i s c r e e n i n g  d i s t a n c e  a n d  c a n  t h e n
4
i n t e r a c t  w i t h  t h e  c h a n n e l l e d  h e l i u m  b e a m . P a r s o n s  a n d  H o e lk e  h a v e  
o b s e r v e d  s u c h  s t r a i n  d i s p l a c e m e n t s  b y  e l e c t r o n  m i c r o s c o p y .  F o r  lO O k e V  
o x y g e n  b o m b a r d m e n t s ,  s t r a i n  f i e l d s  w e r e  s e e n  t o  a f f e c t  t h e  l a t t i c e  
s t r u c t u r e  u p  t o  500$  f r o m  t h e  d a m a g e  r e g i o n  c e n t r e .
6 . 1 . 3  L a t t i c e  S i t e  L o c a t i o n  o f  D i s p l a c e d  A to m s
T h e o r e t i c a l l y  I t  s h o u l d  b e  p o s s i b l e  t o  d e t e r m in e  i f  d i s p l a c e d  h to m s  
l i e  i n  i n t e r s t i t i a l  p o s i t i o n s  u s i n g  t h e  t e c h n i q u e s  o u t l i n e d  i n  s e c t i o n  
4 .3 ° 1 «  I t  i s  p o s s i b l e  t o  d e t e r m in e  t h e  d am a g e  y i e l d  i n  t h e  < 1 1 1 >  a n d  
< 1 1 0 >  d i r e c t i o n s  b u t  o b v i o u s l y  n o t  i n  t h e  ra n d o m  d i r e c t i o n .  H o w e v e r ,  
a  s m a l l e r  d a m a g e  y i e l d  i n  t h e  < 1 1 1 >  t h a n  i n  t h e  < 110>  w o u ld  i n d i c a t e  
t h a t  som e d i s p l a c e d  a to m s  w e r e  p r o b a b l y  o c c u p y in g  i n t e r s t i t i a l  
l a t t i c e  p o s i t i o n s .
1 3  - 2
S e v e r a l  lo w  d o s e  i m p l a n t s  ( *v- 10  i o n s . c m  ) v a r y i n g  in .  m a s s  f r o m  
l i t h i u m  t o  t h a l l i u m  w e r e  e x a m in e d .  N o  a n i s o t r o p y  i n  t h e  d a m a g e  y i e l d  w a s
d e t e c t e d  ( n o  d a m a g e  p e a k  w a s  o b s e r v e d  i n  t h e  l i t h i u m  i m p l a n t ) .  S u c h  a
n u l l  r e s u l t  i s  n o t  s u r p r i s i n g  c o n s i d e r i n g  t h e  n a t u r e  o f  i m p l a n t a t i o n  
d a m a g e , a l t h o u g h  i t  h a d  b e e n  h o p e d  t h a t  a  s u f f i c i e n t  n u m b e r  o f
i n t e r s t i t i a l s  m ig h t  e x i s t  i n  t h e  l i g h t l y  d i s o r d e r e d  p e r i p h e r a l  r e g i o n s
o f  a  d a m a g e  t r a c k  t o  g i v e  r i s e  t o ’ som e  s m a l l  d e g r e e  o f  a n i s o t r o p y .
17 —2
A n u m b e r  o f  s a m p le s  w e r e  i r r a d i a t e d  w i t h  a  h i g h  d o s e  (-^ 1 0  1 i o n s . c m  ) 
o f  5 0 0 k e V  h e l i u m .  A  f u r t h e r  s a m p le  w a s  i r r a d i a t e d  w i t h  h i g h  e n e r g y  7 - r a y s  
p r o d u c e d  b y  a  p u l s e d  l i n e a r  a c c e l e r a t o r .  I n  b o t h  c a s e s  i t  w a s  h o p e d  
t h a t  t h e  i n c r e a s e  i n  t h e  d e c h a n n e l l i n g  l e v e l s  f o r  a l i g n e d  < L 1 1 >  a n d  < L 1 0 >  
s p e c t r a  w o u ld  y i e l d  t h e  r e q u i r e d  i n f o r m a t i o n .  I n c r e a s e d  d e c h a n n e l l i n g
3
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w a s  c e r t a i n l y  o b s e r v e d ,  f o r  t h e  5 0 0 k e V  h e l i u m  i m p l a n t  ( s e e  F i g u r e  6 . 3 ) °
H o w e v e r ,  n o  f i r m  c o n c l u s i o n s  a b o u t  t h e  p o s s i b i l i t y  o f  i n t e r s t i t i a l
g e rm a n iu m  a to m s  c o u l d  b e  d r a w n .
6 . 1 A n n e a l i n g  o f  I m p l a n t a t i o n  D am age
A l l  a n n e a l i n g  w a s  d o n e  u s i n g  a  q u a r t z  t u b e  f u r n a c e  a n d  a  c o n t i n u o u s
f l o w  a r g o n  a t m o s p h e r e .  T h e  i m p l a n t e d  s a m p le  w a s  p l a c e d  f a c e  dow n o n  a
g e rm a n iu m  b o a t  a n d  t h e n  p l a c e d  i n  t h e  p r e - h e a t e d  f u r n a c e .  T e n  m in u t e
i s o c h r o n a l  a n n e a l s  w e r e  u s e d  u n l e s s  o t h e r w i s e  s t a t e d .  S a m p le s  h e a t e d
t o  7 0 0 ° C  a n d  a b o v e  u s u a l l y  d i s p l a y e d  so m e s u r f a c e  d e t e r i o r a t i o n .  A n a l y s i s
o f  s u c h  s a m p le s  b y  R u t h e r f o r d 1 b a c k s c a t t e r i n g  r e v e a l e d  a  " s u r f a c e  d a m a g e "
5  6
p e a k  u n d o u b t e d ly  c a u s e d  b y  o x i d e  f o r m a t io n ? *  T h i s  w a s  a p p a r e n t  e v e n  o n
u n im p la n t e d  s a m p le s .  A n n e a l i n g  i n  a  r e d u c i n g  a t m o s p h e r e  ( 9 0 $  N o s l 0 $  H 0 )2 2
p r o d u c e d  n o  im p r o v e m e n t .  A s  n o  s u i t a b l e  m e th o d  o f  e n c a p s u l a t i o n  o r
v a c u u m  a n n e a l i n g  w a s  a v a i l a b l e  i t  w a s  d e c i d e d  t o  t r e a t  7 0 0 ° C  a s  t h e
l i m i t  f o r  a n n e a l i n g  s t u d i e s .
T h e  m o s t  s t r i k i n g  f e a t u r e  o f  t h e  a n n e a l i n g  c u r v e s  o b t a i n e d  w a s  t h e
s i m i l a r i t y  b e tw e e n  t h e  r e s u l t s  f o r  t h e  v a r i o u s  i o n  s p e c i e s  s t u d i e d
( G a ,  I n ,  S b ,  T 1  a n d  B i ) .  I n  m o s t  c a s e s  t h e  d i f f e r e n c e  b e tw e e n  t h e
c u r v e s  w a s  l e s s  t h a n  t h e  e s t i m a t e d  e r r o r s  i n v o l v e d  i n  m e a s u r e m e n t .
F i g u r e  6 . k  s h o w s  t y p i c a l  a n n e a l i n g  c u r v e s  o b t a i n e d  f o r  v a r i o u s  d o s e s  o f
i m p l a n t e d  i o n s  I n  g e r m a n iu m . T h i s  p a r t i c u l a r  s e t  o f  c u r v e s  w a s  o b t a i n e d
f o r  7 0 k e V  g a l l i u m .  D a t a  f o r  t h e  o t h e r  i o n s  i s  n o t  g i v e n  b e c u a s e  o f
t h e  c l o s e  s i m i l a r i t y  t o  t h e  c u r v e s  s h o w n  i n  F i g u r e  6 . k .  T h e  f i r s t
c o n c l u s i o n  t h a t  c a n  b e  d r a w n  i s  t h a t  t h e  a n n e a l i n g  p r o c e s s  i s  s p e c i e s
in d e p e n d e n t  f o r  t h e  m e d iu m  a n d  h e a v y  i o n s  u s e d  i n  t h e  p r e s e n t  s t u d y ,  f o r
l k  - 2
i o n  d o s e s  u p  t o  /v 5 x  1 0  i o n s . c m  . S u c h  a  c o n c l u s i o n  i s  h a r d l y
s u r p r i s i n g  c o n s i d e r i n g  t h a t  t h e  m a j o r i t y  o f  t h e  r a d i a t i o n  d a m a g e  i s  
c a u s e d  b y  t h e  i n t e r a c t i o n  o f  " k n o c k - o n "  g e rm a n iu m  a to m s  w i t h  t h e
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ig. 6.4 Ten minute isochronal annealing curves for 
70keV Indium implants in Germanium
anneal temperature °C
Fig. 6.5 Ten minute Isochronal annealing curves for
Sb a n d T l .  N.B. room temp, damage normalised 
t o 400%> in each case.
g e rm a n iu m  l a t t i c e .  T h e  i m p l a n t a t i o n  i o n  s p e c i e s  d e t e r m in e s  m a i n l y  t h e  
e n e r g y  d e p o s i t i o n  d e n s i t y  p e r  u n i t  t r a c k  l e n g t h  a n d  h e n c e  t h e  o v e r a l l  
s p a t i a l  d i s t r i b u t i o n  o f  d a m a g e . F o r  th e  i o n s  u n d e r  s t u d y  t h e s e  q u a n t i t i e s  
a r e  v e r y  s i m i l a r .
1 4  -2
F o r  d o s e s  i n  e x c e s s  o f  a ?  5  x  10  i o n s . c m  t h e  d a m a g e  c u r v e s  d o
sh ow  som e d e g r e e  o f  s p e c i e s  d e p e n d e n c e .  F i g u r e  6 . 5  i l l u s t r a t e s  t h i s  
p o i n t .  A t  a  s u f f i c i e n t l y  h i g h  c o n c e n t r a t i o n  t h e  i m p l a n t e d  a to m s  c a n  
e x e r t  s u f f i c i e n t  i n f l u e n c e  u p o n  t h e  a n n e a l i n g  p r o c e s s  i n  s e v e r a l  d i f f e r e n t  
w a y s .  F o r  e x a m p le ,  c h e m i c a l  i n t e r a c t i o n  w i t h  t h e  l a t t i c e  m a t e r i a l  o n  
a  m a c r o s c o p i c  s c a l e  i s  p o s s i b l e  e i t h e r  f o r m in g  c o m p o u n d s  o r  a l l o y s .  
E l e c t r i c a l  i n t e r a c t i o n s  b e tw e e n  t h e  im p l a n t e d  i o n s  a n d  d e f e c t s  a re  a l s o  
p o s s i b l e .  T h e  c a s e  o f  t h a l l i u m  i s  o f  p a r t i c u l a r  i n t e r e s t .  I t  l i e s  
m a i n l y  u p o n  s u b s t i t u t i o n a l  s i t e s  ( s e e  s e c t i o n  6 . 5 ) i n  t h e  t e m p e r a t u r e  
r a n g e  4 5 0 ° - 7 0 0 ° C  a n d  i t  w o u ld  a p p e a r  f r o m  F i g u r e  6 . 5  t h a t  i t  i s  i m p o s s i b l e  
t o  r e m o v e  t h e  l a s t  t r a c e s  o f  r a d i a t i o n  d a m a g e . T h a l l i u m  h a s  t h e  l a r g e s t  
i o n i c  r a d i u s  a m o n g s t  t h e  I o n s  u n d e r  s t u d y .  T h i s  l a r g e  m is m a t c h  I n  
s i z e  i s  l i k e l y  t o  c a u s e  l a t t i c e  s t r a i n  w h e n  l a r g e  n u m b e rs  o f  t h a l l i u m  
i o n s  o c c u p y  s u b s t i t u t i o n a l  s i t e s .  T h i s  s e e m s  t o  b e  a  l i k e l y  e x p l a n a t i o n  
f o r  t h e  r e s i d u a l  l a t t i c e  d a m a g e  o c c u r r i n g  i n  t h i s  c a s e .
T h e  s e c o n d  m a in  c o n c l u s i o n  t o  b e  d ra w n  f r o m  t h i s  e x p e r im e n t  i s
1 4  -2. i
t h a t  f o r  i m p l a n t a t i o n  d o s e s  b e lo w  V L Q  i o n s . c m  ( i . e .  b e lo w  s a t u r a t i o n
l e v e l )  t h e  a n n e a l i n g  co m m e n ce s  a s  lo w  a s  1 5 0 ° C  a n d  c a n  b e  c o m p le t e  b y
o  1 2  —2 1 4  —2
2 2 0  C  f o r  d o s e s  o f  a b o u t  1 0  i o n s . c m ”  . F o r  d o s e s  a b o v e  1 0  i o n s . c m "
a n d  b e lo w  5  x  l O 1 ^ i o n s . c m  2 ( s a t u r a t i o n  r e g i o n )  t h e  r e - o r d e r i n g
p r o c e s s  o c c u r s  v e r y  s h a r p l y  a t  4 0 0 ° C „  F o r  i n t e r m e d i a t e  d o s e s  b e tw e e n
t h e s e  e x t r e m e s ,  t h e  a n n e a l i n g  d e p e n d s  u p o n  t h e  d e g r e e  o f  "d a m a g e  t r a c k
o v e r l a p "  w h ic h  h a s  o c c u r r e d .
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F i g u r e s  6 .6  a n d  6 . 7  s u m m a r is e  t h e  a to m  s i t e  l o c a t i o n  r e s u l t s  f o r
14 -2  IE -2
tw o  d o s e  r e g i m e s ,  5  x  1 0  i o n s , c m  ( F i g . 6 . 6 ) a n d  5  x  1 0  i o n s . c m
( F i g , 6 , 7 ) .  D o p a n t  a to m s  b e g i n  t o  t a k e  u p  s u b s t i t u t i o n a l  p o s i t i o n s  a s
s o o n  a s  t h e  l a t t i c e  b e g i n s  t o  r e - o r d e r  a t  4 0 0 ° C .  T h e  s u b s t i t u t i o n a l
f r a c t i o n  i n c r e a s e s  u n t i l  r*/ 75$  b e c o m e s  s u b s t i t u t i o n a l  i n  t h e  t e m p e r a t u r e
r a n g e  5 0 0 - 6 0 0 ° C .  F u r t h e r  i n c r e a s e s  i n  t e m p e r a t u r e  t h e n  p r o d u c e  a  r a p i d
d e c r e a s e  i n  t h e  s u b s t i t u t i o n a l  f r a c t i o n .  T h a l l i u m  a g a i n  a p p e a r s  t o  b e
a n  e x c e p t i o n .  I t  r e m a in s  l a r g e l y  s u b s t i t u t i o n a l  f o r  t h e  w h o le  t e m p e r a t u r e
o o
r a n g e  b e tw e e n  4 5 0  a n d  7 OO C .
T h e s e  r e s u l t s  d o  n o t  f o l l o w  t h e  p a t t e r n  s e t  f o r  g r o u p  I I I  a n d  V
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i m p l a n t e d  d o p a n t s  i n  s i l i c o n !  F o r  i m p l a n t a t i o n s  i n t o  s i l i c o n  g r o u p  V
e le m e n t s  g e n e r a l l y  sh o w  a  l a r g e  s u b s t i t u t i o n a l  f r a c t i o n  w i t h  l i t t l e  o r
n o  i n t e r s t i t i a l  c o m p o n e n t .  O n  t h e  o t h e r  h a n d ,  g r o u p  I I I  e le m e n t s
i m p l a n t e d  i n  s i l i c o n  sh o w  a  m u ch  r e d u c e d  s u b s t i t u t i o n a l  c o m p o n e n t  a n d
u s u a l l y  a  c o m p a r a b le  i n t e r s t i t i a l  c o m p o n e n t .  I n  c o m p a r is o n  g r o u p  I I I
a n d  V  i o n s  i m p l a n t e d  i n t o  g e rm a n iu m  sh ow  o n l y  a  l a r g e  s u b s t i t u t i o n a l
f r a c t i o n  w i t h  l i t t l e  o r  n o  o b s e r v a b l e  i n t e r s t i t i a l  c o m p o n e n t .  S u c h
b e h a v i o u r  i s  i n  a g r e e m e n t  w i t h  t h e  h o t  ( 350 ° C )  i m p l a n t s  p e r f o r m e d  b y  
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B j & r k q v i s t  e t  a l  w i t h  t h e  e x c e p t i o n  o f  t h e  t h a l l i u m  c a s e .  B j B r k q v i s t  
e t  a l  o b s e r v e d  a  l a r g e  t h a l l i u m  i n t e r s t i t i a l  c o m p o n e n t  e q u a l l i n g  t h e  
m e a s u r e d  s u b s t i t u t i o n a l  c o m p o n e n t .  T h e  sam e g r o u p  h a v e  c a r r i e d  o u t  
m e a s u r e m e n t s  o n  t h a l l i u m  i m p l a n t s  m ade  a t  ro o m  t e m p e r a t u r e  a n d  
s u b s e q u e n t l y  a n n e a l e d .  I n  t h i s  e a s e  n o  i n t e r s t i t i a l  c o m p o n e n t  w a s
Q
o b s e r v e d  o n l y  a  l a r g e  s u b s t i t u t i o n a l  c o m p o n e n t f t
1 3  - 2
F o r  v e r y  lo w  d o s e s  (<, 1 0  ^  i o n s . c m  ) o f  b i s m u t h  a n d  t h a l l i u m
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im p l a n t e d  i n t o  s i l i c o n  a t  r o o m  t e m p e r a t u r e  E r i k s s o n  e t  a l  h a v e  
o b s e r v e d  a  l a r g e  f r a c t i o n  o f  t h e  i m p l a n t e d  i o n s  t a k i n g  u p  s u b s t i t u t i o n a l
6 .1 .5  Atom S ite  Location Measurements
V'f-"*'
Fig. 6.6 showing lattice damage and substitutional component
Fig. 6.7 As tor lig.6.6 but with 5x10<5ions cm"2
s i t e s  w i t h o u t  a n y  a n n e a l i n g  b e i n g  n e c e s s a r y .  S i m i l a r  e x p e r im e n t s  w e r e
c a r r i e d  o u t  o n  g e rm a n iu m  u s i n g  7 0 k e V  B i  a n d  T 1  i m p l a n t s  a t  d o s e  l e v e l s
3 2  “ 2
b e tw e e n  5 x  1 0  a n d  1 0  i o n s . c m " .  T h e  l i m i t a t i o n  o f  s u c h  e x p e r im e n t s
l i e s  i n  t h e  d e g r e e  o f  p u l s e  p i l e  u p  w h ic h  a p p e a r s  a b o v e  t h e  s u b s t r a t e
c u t - o f f  i n  b a c k s c a t t e r i n g  s p e c t r a .  ( P u l s e  p i l e  u p  I s  c a u s e d  b y  tw o
a l p h a - p a r t i c l e s  i n c i d e n t  u p o n  t h e  s i l i c o n  s u r f a c e  b a r r i e r  d e t e c t o r  i n
a  t im e  i n t e r v a l  s h o r t e r  t h a n  t h e  r e s o l v i n g  t im e  o f  t h e  a m p l i f y i n g
e q u ip m e n t ,  t h u s  g i v i n g  r i s e  t o  a  s p u r i o u s  h i g h  e n e r g y  p u l s e . )  S u c h
p u l s e  p i l e  u p  e f f e c t s  t e n d  t o  sw am p t h e  v e r s  s m a l l  s i g n a l s  o b t a i n e d  f r o m
lo w  d o s e  i m p l a n t s .  G e rm a n iu m  s u b s t r a t e s  a r e  t r o u b le s o m e  i n  t h i s  r e s p e c t
b e c a u s e  t h e  i m p u r i t y  p e a k s  a r e  s i t u a t e d  c l o s e  t o  t h e  c u t - o f f  (and h e n c e
h i g h  p u l s e  p i l e  u p  c o n d i t i o n s ) ,  w h i l e  s u c h  i m p u r i t y  p e a k s  a r e  w e l l
s e p a r a t e d  i n  t h e  s i l i c o n  c a s e .  H o w e v e r ,  f o r  h i g h  Z  m a t e r i a l  s u c h  a s  
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B i  a n d  T 1  t h e  Z  d e p e n d e n c e  o f  R u t h e r f o r d  s c a t t e r i n g  h e l p s  t o  i n c r e a s e
t h e  I m p la n t  s i g n a l .  T h i s  c o u p l e d  t o  t h e  u s e  o f  v e r y  lo w  b eam  c u r r e n t s
~  0 .1  n a n o a m p s  i n  a n  a t t e m p t  t o  r e d u c e  p u l s e  p i l e  u p  e f f e c t s  m ake  s u c h
a n  e x p e r im e n t  f e a s i b l e .  T h e  r e s u l t s  f o r  g e rm a n iu m  a r e  s i m i l a r  t o  t h o s e
i n  s i l i c o n .  A p p r o x i m a t e l y  8 0 $  o f  t h e  I m p la n t e d  i o n s  w e r e  l o c a t e d  o n
s u b s t i t u t i o n a l  s i t e s  d i r e c t l y  a f t e r  ro o m  t e m p e r a t u r e  i m p l a n t a t i o n .
S i m i l a r  m e a s u r e m e n ts  f o r  i n d iu m  a n d  a n t im o n y  w e r e  a lm o s t  i m p o s s i b l e
t o  c a r r y  o u t  b e c a u s e  t h e  u n c e r t a i n t y  i n  t h e  m e a s u r e m e n ts  w a s  t o o  h i g h
X"5 * 2
f o r  c l e a r  c u t  r e s u l t s .  H o w e v e r ,  r e s u l t s  f o r  d o s e s  o f  v  2  x  1 0  i o n s . c m  
a p p e a r e d  t o  g i v e  t h e  sa m e  t r e n d  a s  f o r  t h e  T 1  a n d  B i  r e s u l t s .
6 . 1 . 6  O u t d i f f u s i o n  M e a s u r e m e n ts
O u t d i f f u s i o n  m e a s u r e m e n ts  w e r e  n o t  p o s s i b l e  i n  a n y  s y s t e m a t i c  m a n n e r  
b e c a u s e  t h e  s h a p e  o f  t h e  i m p l a n t  p e a k  w a s  d e t e r m in e d  p r i m a r i l y  b y  t h e  
d e t e c t o r  r e s o l u t i o n  a n d  n o t  b y  t h e  d i s t r i b u t i o n  o f  t h e  i m p l a n t e d  a to m s  
w i t h i n  t h e  s a m p le .  By u s i n g  t h e  a n o d i c  o x i d a t i o n  t e c h n i q u e  o u t l i n e d
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i n  A p p e n d ix  B  t h e  f i r s t  1+0-50$ o f  t h e  s a m p le  s u r f a c e  c o u l d  b e  r e m o v e d .
I f : a n y  g r o s s  m o v e m e n t o f  t h e  i m p l a n t e d  a to m s  t o w a r d s  t h e  s u r f a c e
o c c u r r e d  t h i s  c o u l d  b e  d e t e c t e d  b y  b a c k s c a t t e r i n g  a f t e r  r e m o v a l  o f
t h e  o x i d e  l a y e r .  U s i n g  t h i s  r a t h e r  c r u d e  t e c h n i q u e  i t  w a s  f o u n d  t h a t
a  v e r y  d e f i n i t e  m o v e m e n t t o w a r d s  t h e  s u r f a c e  o c c u r r e d  f o r  S b ,  B i  a n d  I n
f o r  t e m p e r a t u r e s  a b o v e  6 0 0 ° C .  T h i s  i s  i n  g o o d  a g r e e m e n t  w i t h  t h e
m o v e m e n t o f  t h e s e  s p e c i e s  f r o m  s u b s t i t u t i o n a l  s i t e s .  I n  t h e  c a s e  o f
in d iu m  t h e  r e m o v a l  o f  a  50$  l a y e r  f r o m  a  s p e c im e n  a n n e a le d  t o  700 ° C
p r o d u c e d  a n  a lm o s t  t o t a l  l o s s  o f  i n d i u m .  T h a l l i u m  a g a i n  p r o v e d  t h e
e x c e p t i o n .  L i t t l e  o r  n o  m o v e m e n t t o w a r d s  t h e  s u r f a c e  c o u l d  b e  d e t e c t e d .
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N o  l o s s  o f  i m p l a n t e d  d o p a n t s  w a s  o b s e r v e d  u p  t o  500 C. A b o v e  t h i s  
t e m p e r a t u r e  a n d  u p  t o  t h e  l i m i t  o f  a n n e a l i n g  ( 7 0 0 ° C )  a  l o s s  o f  som e  
1 0 -1 5 #  o f  d o p a n t  a to m s  o c c u r r e d .  T h e  l o s s  w as n o t  s y s t e m a t i c  a n d  
v a r i e d  f r o m  s a m p le  t o  s a m p le .  T h e s e  r e s u l t s  a r e  n o t  i n  a g r e e m e n t  w i t h  
t h e  w o r k  o f  J o h a n s s o n  e t  a l 11  f o r  " h o t ' ’ ( 3 5 0 ° C )  i m p l a n t a t i o n s  a n d  som e  
r o o m  t e m p e r a t u r e  i m p l a n t s  p l u s  a n n e a l .  T h i s  g r o u p  r e p o r t  t h a t  b is m u t h  
b e g i n s  t o  d e c r e a s e  a t  5 5 0 ° C  w h i l e  I n ,  T l  a n d  S b  b e g i n  t o  d e c r e a s e  a t  
t e m p e r a t u r e s  a s  lo w  a s  3 5 0 ° C .  A t  6 5 0 °  v i r t u a l l y  a l l  t h e  b is m u t h  i s  
l o s t  a n d  a t  5 7 5 ° C  o n l y  20 #  o f  t h e  o r i g i n a l  t h a l l i u m  r e m a i n s .  T h e  m a in  
d i f f e r e n c e s  b e tw e e n  t h e  p r e s e n t  w o r k  a n d  t h a t  o f  J o h a n s s o n  a r e  h i g h e r  
i m p l a n t a t i o n  e n e r g i e s  ( 7 0 k e V  i n s t e a d  o f  4 0 k e V  u s e d  b y  t h e  S w e d is h  g r o u p )  
a n d  s h o r t e r  a n n e a l i n g  s c h e d u l e s  (1 0  m in u t e s  i n s t e a d  o f  30  m i n u t e s ) .  
J o h a n s s o n  r e p o r t e d  t h a t  a  1 0 0 0 $  l a y e r  o f  s i l i c o n  d i o x i d e  c o m p l e t e l y  
s u p p r e s s e d  a n y  l o s s  o f  d o p a n t .  I t  i s  p o s s i b l e  t h a t  t h e  s m a l l  o x i d e  
l a y e r  p r o d u c e d  b y  a n n e a l i n g  ( s e c t i o n  6 . 1 4 )  c o u l d  b e  r e s p o n s i b l e  f o r  
t h e  o b s e r v e d  d i f f e r e n c e s .  H o w e v e r ,  t h e  d i s c r e p a n c y  b e tw e e n  t h e  tw o  
s e t s  o f  r e s u l t s  i s  n o t  u n d e r s t o o d .
6 . 1 . 7  D e c h a r m e l l i n g  M e c h a n is m  i n  G e rm a n iu m
I n  t h i s  e x p e r im e n t ,  a n o d i c  o x i d e  f i l m s  o f  v a r y i n g  t h i c k n e s s  w e r e
-  85 -
g e rm a n iu m  o x i d e  b e i n g  e q u i v a l e n t  t o  a  l a y e r  o f  a m o rp h o u s  g e rm a n iu m  u p o n
g o o d  u n d e r l y i n g  c r y s t a l l i n e  m a t e r i a l ,  a s  f a r  a s  b a c k s c a t t e r i n g  i s
c o n c e r n e d .  ( T h e  s c a t t e r i n g  f r o m  t h e  o x y g e n  i n  t h e  f i l m  i s  s m a l l
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c o m p a r e d  t o  t h a t  f r o m  g e rm a n iu m  b e c a u s e  o f  t h e  Z 2 d e p e n d e n c e  o f  
R u t h e r f o r d  s c a t t e r i n g . )  T h e  t h i c k n e s s  o f  t h e  o x i d e  f i l m  w as m e a s u r e d  
f r o m  t h e  c a l i b r a t i o n  g i v e n  i n  A p p e n d ix  B  a n d  a  m e a s u r e  o f  t h e  d e c h a n n e l l i n g  
p r o d u c e d  b y  t h i s  l a y e r  w a s  o b t a i n e d  b y  m e a s u r in g  t h e  h e i g h t  o f  t h e  
a l i g n e d  < L 1 1 >  2 .0 M e V  h e l i u m  b a c k s c a t t e r e d  s p e c t r a  a t  a  f i x e d  e n e r g y  
w e l l  b e lo w  t h e  d i s o r d e r  p e a k s  p r o d u c e d  b y  t h e  g e rm a n iu m  i n  t h e  o x i d e  
l a y e r s .  T h e  e n e r g y  i n  t h i s  c a s e  w a s  c h o s e n  a r b i t r a r i l y  a t  1 .2 M e V .  A  
p l o t  o f  d e c h a n n e l l i n g  y i e l d  a g a i n s t  o x i d e  t h i c k n e s s  i s  p r e s e n t e d  i n
F i g u r e  6 . 8 .
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B / g h  h a s  g i v e n  a  t h e o r e t i c a l  t r e a t m e n t  o f  t h i s  s i t u a t i o n .  T h e  
s o l i d  l i n e  i n  F i g u r e  6 ,8  i s  t h e  t h e o r e t i c a l  r e s u l t  c a l c u l a t e d  f o r  
d e c h a n n e l l i n g  b y  s i n g l e  s c a t t e r i n g ,  u s i n g  t h e  e q u a t i o n s  d e v e lo p e d  b y  
B / g h  i n  r e f e r e n c e  1 2 .  T h e r e  e x i s t s  r e a s o n a b l e  a g r e e m e n t  b e tw e e n  t h e  
p r e d i c t e d  a n d  e x p e r i m e n t a l  r e s u l t s .  B 0 g h  h a s  sh o w n  ( u s i n g  t h e  t h e o r y  
g i v e n  b y  W i l l i a m s )  t h a t  i f  m u l t i p l e  s c a t t e r i n g  i s  t h e  m a in  d e c h a n n e l l i n g  
m e c h a n is m  t h e  r e s u l t s  i n  F i g u r e  6 .8  s h o u ld  b e  n o n - l i n e a r .  T h u s  i t  
w o u ld  a p p e a r  t h a t  t h e  d e c h a n n e l l i n g  m e c h a n is m  i s  p r e d o m i n a n t l y  s i n g l e  
s c a t t e r i n g .
6 . 1 . 8  H e a v y  I o n  B a c k s c a t t e r i n g
A s  n o t e d  i n  C h a p t e r  f o u r *  som e a to m  s i t e  l o c a t i o n  e x p e r im e n t s  w e r e  
c a r r i e d  o u t  u s i n g  n e o n  a s  a n  a n a l y s i n g  p a r t i c l e  i n s t e a d  o f  h e l i u m .  T h e  
n e o n  b eam  w a s  o b t a i n e d  f r o m  t h e  V a n  defi' G r a a f f  R . F .  i o n  s o u r c e  i n  t h e  
u s u a l  m a n n e r .  I t  w a s  f o u n d  t h a t  a  m i x t u r e  o f  h e l i u m  a n d  n e o n  g a v e  
t h e  b e s t  i o n  s o u r c e  o p e r a t i n g  c o n d i t i o n s .  A  f a i r l y  l a r g e  n i t r o g e n
grown upon germanium specimens (See Appendix B)„ The layer of
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Fig. 6.8A Normalized yield behind disorder peak as a 
function of Oxide thickness.
(see calibration in appendix B )
channel number (energy)
Fig. 6.8B 2*OMEV He+ backscatter spectra for Oxide
films of increasing thickness (substrate <IH> Germanium)
b e a m  c o u ld ,  a l s o  b e  o b t a i n e d ,  p r e s u m a b ly  d u e  t o  n i t r o g e n  l e a k i n g  i n t o  
t h e  i o n - s o u r c e  f r o m  t h e  p r e s s u r i s e d  V a n  d e r  G r a a f f  t a n k .
F i g u r e  6 . 9  sh o w s  t h e  b a c k s c a t t e r i n g  r e s u l t s  o b t a i n e d  f r o m  a  s i l i c o n
16 ”*2 
s p e c im e n  i m p l a n t e d  w i t h  1 x  1 0  8 0 k e V  g a l l i u m  i o n s . c m  . T h e  a n a l y s i n g
1
b e a m s  u s e d  w e r e  p r o t o n s ,  h e l i u m  a n d  n i t r o g e n  a t  1 .5 M e V .  F o r  t h i s  i o n -  
s u b s t r a t e  c o m b in a t io n  ( G a  m a s s  7 0 ,  S i  m a s s  2 8 )  h e l i u m  p r o v i d e d  t h e  
b e s t  r e s u l t s .  S i m i l a r  e x p e r im e n t s  f o r  in d iu m  a n d  a n t im o n y  i m p l a n t s  i n  
g e rm a n iu m  g a v e  s i m i l a r  r e s u l t s .  O n  t h e  o c c a s i o n s  w h e n  t h e  u s e  o f  p o o r  
r e s o l u t i o n  d e t e c t o r s  w a s  u n a v o i d a b l e ,  t h e  m a ss  r e s o l u t i o n  ( e x p r e s s e d  
i n  k e V )  f o r  h e l i u m  w a s  m a i n t a i n e d  b y  s i m p l y  i n c r e a s i n g  t h e  i n c i d e n t  
b eam  e n e r g y .
T h e  a d v a n t a g e s  o f  h e a v y  i o n  b a c k s c a t t e r i n g  a r e  a n  i n c r e a s e d  m a s s -  
r e s o l u t i o n  ( p r o v i d e d  d e t e c t o r  r e s o l u t i o n  i s  n o t  i m p a i r e d ) ,  i n c r e a s e d  
b a c k s c a t t e r i n g  y i e l d  a n d  a  b e t t e r  d e p t h  r e s o l u t i o n .  T h e  d i s a d v a n t a g e s  
a r e  a  g r e a t e r  e n e r g y  l o s s  p e r  u n i t  t r a c k  l e n g t h  a n d  a  l a r g e r  e n e r g y  
l o s s  i n t o  n u c l e a r  p r o c e s s e s .  T h e s e  e f f e c t s  p r o d u c e  a  h i g h e r  i o n i z a t i o n  
d e n s i t y  a n d  m o re  a t o m ic  d i s p l a c e m e n t s  a r o u n d  t h e  i o n  t r a c k ,  t h a n  n o  
p r o t o n s  o r  h e l i u m .  I t  i s ,  t h e r e f o r e ,  p o s s i b l e  t h a t  e i t h e r  o r  b o t h  o f
1 3
t h e s e  e f f e c t s  c o u l d  s e r i o u s l y  d i s t u r b  t h e  q u a n t i t i e s  u n d e r  i n v e s t i g a t i o n .
A p a r t  f r o m  t h i s  t h e  t e c h n i c a l  p r o b le m s  o f  g e t t i n g  s u f f i c i e n t  b eam  o n t o
t h e  t a r g e t  w e r e  n o t  n e g l i g i b l e .  M o s t  o f  t h e  c i r c u i t s  a s s o c i a t e d  w i t h
b eam  p r o d u c t i o n  a n d  t r a n s p o r t  w e r e  r u n  a t  f a r  h i g h e r  l e v e l s  t h a n  w a s
n e c e s s a r y  f o r  h e l iu m  o r  p r o t o n s .  T h i s  s t a t e  o f  a f f a i r s  w a s  h i g h l y  
u n d e s i r a b l e  b e c a u s e  o f  t h e  g e n e r a l  u n r e l i a b i l i t y  o f  t h e  V a n  d e r  G r a a f f .
6 . 1 . 9  S e c o n d a r y  E l e c t r o n  S u p p r e s s i o n
T h e  tw o  m o s t  s u c c e s s f u l  m e th o d s  o f  a l l o w i n g  f o r  s e c o n d a r y  e l e c t r o n  
e m i s s i o n  i n  b a c k s c a t t e r i n g  e x p e r im e n t s  w e r e  t h e  u s e  o f  a  s e c o n d a r y  
s u p p r e s s i o n  e l e c t r o d e  a n d  i s o l a t i n g  t h e  w h o le  t a r g e t  c h a m b e r  a n d  
u s i n g  i t  a s  a  F a r a d a y  c u p .
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Fig. 6.9 Comparison of analysing projectile (  H+, He* and N*)  
for constant analysing energy. N.-B.'spectra are  
not necessarily for same analysing dose.
Fig. 6.10 Recorded target currents as a -function of
suppression voltage for etch-polished Germanium.
T h e  s e c o n d a r y  s u p p r e s s i o n  e l e c t r o d e  w a s  f a b r i c a t e d  f r o m  t h i n  s h e e t  
m e t a l  a p p r o x i m a t e l y  o n e  c e n t i m e t r e  i n  d ia m e t e r  w i t h  a  h o l e  o f  a b o u t  f o u r  
m i l l i m e t r e s  d ia m e t e r  i n  t h e  c e n t r e .  T h e  e l e c t r o d e - t a r g e t  d i s t a n c e  w a s  
a p p r o x i m a t e l y  f o u r  m i l l i m e t r e s .  F i g u r e  6 . 1 0  sh o w s  t h e  r a t i o  o f  b i a s ,  e d  
t o  u n b ia s t  e d  t a r g e t  c u r r e n t  a s  a  f u n c t i o n  o f  e l e c t r o d e  b i a s  v o l t a g e .  
S e v e r a l  s u c h  c u r v e s  w e r e  o b t a i n e d  f o r  g e rm a n iu m  t a r g e t  m a t e r i a l  h a v i n g  
d i f f e r e n t  s u r f a c e  t r e a t m e n t s  i . e .  a n o d i c  o x i d e  f i l m s ,  i o n  i m p l a n t e d  
m a t e r i a l  a n d  e t c h - p o l i s h e d  m a t e r i a l .  T h e  o v e r a l l  s h a p e  o f  t h e  c u r v e s  
w e r e  v e r y  s i m i l a r .  H o w e v e r ,  i n  t h e  c a s e  o f  t h e  e t c h - p o l i s h e d  m a t e r i a l  
a  s i g n i f i c a n t  d i f f e r e n c e  w a s  o b s e r v e d  f o r  t h e  < 1 1 1 >  a l i g n e d  a n d  ra n d o m  
d i r e c t i o n .  T h e  r e s u l t s  sh o w n  i n  F i g u r e  6 . 1 0  w e r e  o b t a i n e d  u s i n g  a  1 .5 M e V  
h e l i u m  a n a l y s i n g  beam  a t  a  n o m in a l  ( i . e .  u n b ia s ,■ e d )  b eam  c u r r e n t  o f
0 . 5  n a n o a m p s .  T h e  i n d i c a t e d  e r r o r  w a s  c a u s e d  b y  b eam  f l u c t u a t i o n s  
w h ic h  w e r e  u n f o r t u n a t e l y  p r e s e n t  i n  t h i s  s e r i e s  o f  m e a s u r e m e n t s .  T h e  
c o n c l u s i o n s  t h a t  m ay b e  d ra w n  a r e  t h a t  f o r  g e rm a n iu m  a n d  h e l i u m  b eam  
a n a l y s i s  s e c o n d a r y  e l e c t r o n  c o e f f i c i e n t s  o f  t h e  o r d e r  o f  tw o  o r  t h r e e  
m ay b e  e x p e c t e d .  T h e  s e c o n d  a n d - m o r e  im p o r t a n t  c o n c l u s i o n  i s  t h a t  t h e  
m a g n it u d e  o f  t h e  s e c o n d a r y  e l e c t r o n  e m i s s i o n  d e p e n d s  u p o n  w h e t h e r  t h e  
i n c i d e n t  b eam  I s  c h a n n e l l e d  o r  n o t .  F o r  t h e  p r e s e n t  c a s e ,  t h e  s e c o n d a r y  
e m i s s i o n  i n  t h e  < 1 1 1 >  d i r e c t i o n  i s  v e r y  a p p r o x i m a t e l y  10$  l e s s  t h a n  f o r  
a n  u n c h a n n e l l e d  d i r e c t i o n .
A  w e l l  c h a n n e l l e d  b eam  i n  g o o d  c r y s t a l l i n e  m a t e r i a l  w i l l  b e  
c o n f i n e d  t o  t h e  c e n t r e  o f  t h e  c h a n n e l  a n d  h e n c e  t o  a  r e g i o n  o f  lo w  
e l e c t r o n  d e n s i t y .  A  d e c r e a s e  i n  t h e  s e c o n d a r y  e l e c t r o n  e m i s s i o n  I s ,  
t h e r e f o r e ,  n o t  u n e x p e c t e d .  S u c h  a  c o n j e c t u r e  i s  s u p p o r t e d  b y  t h e  f a c t  
t h a t  n o  s i m i l a r  d i f f e r e n c e  i n  s e c o n d a r y  e l e c t r o n  e m i s s i o n  i s  o b s e r v e d  
f o r  m a t e r i a l  h a v i n g  s u r f a c e  a n o d i c  o x i d e  f i l m s  o r  f o r  t h o s e  h a v i n g  a n  
" a m o r p h o u s "  i m p l a n t a t i o n  d a m a g e  l a y e r .
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Tito i n t e r e s t i n g  p o s s i b i l i t i e s  a r i s e  f r o m  t h i s  o b s e r v a t i o n .  %
o b s e r v i n g  t h e  s e c o n d a r y  e m i s s i o n  a s  a  f u n c t i o n  o f  a n g u l a r  s c a n  i t  s h o u l d
b e  p o s s i b l e  t o  m e a s u r e  t h e  v a r i a t i o n  o f  e l e c t r o n  d e n s i t y  a c r o s s  a
c h a n n e l .  T h e  s e c o n d  p o s s i b i l i t y  c o n c e r n s  t h e  a l i g n m e n t  o f  c r y s t a l s  f o r
c h a n n e l l e d  i m p l a n t a t i o n s .  F o r  a  v a r i e t y  o f  r e a s o n s  i t  w o u ld  b e
e x t r e m e ly  u s e f u l  t o  u s e  t h e  i m p l a n t a t i o n  b eam  i t s e l f  t o  a l i g n  t h e
t a r g e t .  U s i n g  t h e  o b s e r v e d  e f f e c t  i t  s h o u ld  b e  p o s s i b l e  t o  a l i g n  t h e
c r y s t a l  f o r  a  m in im u m  v a l u e  o f  c o l l e c t e d  beam  c u r r e n t ,  p r o v i d e d  t h a t
s u p p r e s s i o n  o r  F a r a d a y  c a g e s  a r e  n o t  u s e d  d u r i n g  t h e  a l i g n m e n t  p r o c e d u r e .
Tw o g e n e r a l  p o i n t s  s h o u l d  b e  m a d e . A v e r y  lo w  i n p u t  im p e d e n c e
c u r r e n t  m e a s u r in g  d e v i c e  s h o u l d  b e  u s e d  t o  p r e v e n t  a  s t a n d i n g  v o l t a g e
a p p e a r i n g  o n  t h e  t a r g e t  ( t h u s  a l t e r i n g  t h e  P . D .  b e tw e e n  s u p p r e s s o r
a n d  t a r g e t ) .  C a r e  s h o u ld  b e  t a k e n  t h a t  a  h i g h  i n s u l a t i o n  r e s i s t a n c e
8
e x i s t s  b e tw e e n  t h e  t a r g e t  a n d  s u p p r e s s o r  ( 2 .5  x  10  M -Ji i n  t h e  p r e s e n t
c a s e ,  i . e .  2 ^ p ic o a m p  l e a k a g e  c u r r e n t ) .
6 .2  RESULTS OF ELECTRICAL MEASUREMENTS
6 . 2 .1  D io d e  C h a r a c t e r i s t i c s
T h e  r e s u l t s  o b t a i n e d  f o r  t h e  d i o d e  c h a r a c t e r i s t i c s  o f  j u n c t i o n s
c r e a t e d  b y  i m p l a n t a t i o n  f a l l  i n t o  tw o  d i s t i n c t  c l a s s e s .  A  c o n v e n i e n t
e a r l y  s t u d y  o f  i o n  i m p l a n t e d  c o n t a c t s  f o r  l i t h i u m - d r i f t e d  g e rm a n iu m
d e t e c t o r s  y i e l d e d  t h e  r e s u l t s  f o r  b o r o n ,  p h o s p h o r  u s ,  c a r b o n ,  n e o n  a n d
l k  =2
a r g o n .  T h e  i m p l a n t a t i o n  d o s e  w a s  c h o s e n  t o  b e  1 0  i o n s  .c m  w i t h  a n  
i m p l a n t a t i o n  e n e r g y  o f  4 0 k e V .  T h e  m a t e r i a l  u s e d  w a s  e t c h - p o l i s h e d  
V i e l l e  M o n ta g n e  g e rm a n iu m  h a v i n g  a  r e s i s t i v i t y  o f  3 8 - 4 1  J l  cm ( p - t y p e )  
a n d  2 5 / I c m  ( n - t y p e ) .  S i m i l a r  m e a s u r e m e n ts  w e r e  l a t e r  u n d e r t a k e n  
f o r  b i s m u t h ,  t h a l l i u m ,  a n t im o n y  a n d  in d iu m  u s i n g  s i m i l a r  s p e c i f i c a t i o n  
H o b o k e n  m a t e r i a l  t h i s  t i m e .
E le c tr ic a l contacts fo r the diode measurements were made by means
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o f  a n  in d iu m  p a d  t o  t h e  b a s e  o f  t h e  i m p la n t e d  c r y s t a l  a n d  b y  u s i n g  a  
s m a l l  s t e e l  p r o b e  ( c o p p e r  f o r  t h e  l a t e r  m e a s u r e m e n ts )  t o  m ake  c o n t a c t  
t o  t h e  i m p l a n t e d  a r e a .
F i g u r e  6 . 1 1  s h o w s  s e l e c t e d  v o l t a g e / c u r r e n t  c h a r a c t e r i s t i c s  a s  a  
f u n c t i o n  o f  a n n e a l i n g  t e m p e r a t u r e  f o r  som e o f  t h e  m o re  i n t e r e s t i n g  
i o n - s u b s t r a t e  c o m b i n a t i o n s .  A l l  m e a s u r e m e n ts  w e r e  u n d e r t a k e n  a t  ro o m  
t e m p e r a t u r e  a n d  t h e  a n n e a l i n g  p e r i o d s  w e r e  n o r m a l l y  20 m in u t e s  i n  a n  
a r g o n  f l o w  a t m o s p h e r e .  T y p e - c o n v e r s i o n  w a s  c h e c k e d  f o r  b y  m e a n s  o f  a  
t h e r m a l  p r o b e .
A s  e x p e c t e d  c a r b o n ,  n e o n  a n d  a r g o n  p r o d u c e d  p - l a y e r s  o n  n - t y p e  
s u b s t r a t e s ,  A n n e a l i n g  t o  4 2 5 ° 0  c a u s e d  t h e  i m p la n t e d  l a y e r  t o  r e v e r t  
t o  n - t y p e .  T h i s  i s  i l l u s t r a t e d  b y  t h e  l o s s  o f  r e c t i f i c a t i o n  
p r o p e r t i e s  f o r  t h e  a r g o n  i m p l a n t  i n  F i g u r e  6 . 1 1 ( a ) .  T h i s  b e h a v i o u r  
i m p l i e s  t h a t  t h e s e  i o n s  d o  n o t  b e co m e  e l e c t r i c a l l y  a c t i v e  o n l y  r a d i a t i o n  
d a m a g e  i s  a p p a r e n t .  B o r o n  a n d  p h o s p h o r  .u s  p r o d u c e d  g o o d  j u n c t i o n s .
B o r o n  w a s  i m p l a n t e d  i n t o  n - t y p e  m a t e r i a l  ( F i g . 6 . 1 1 ( b ) ) w h i l e  p h o s p h o r  u s  
w a s i m p l a n t e d  i n t o  p - t y p e  m a t e r i a l  ( F i g ' . 6 . 1 1 ( c ) ) .  T y p e  c o n v e r s i o n  f o r  
p h o s p h o r  u s  w a s  c o m p le t e  at, a r o u n d  4 5 0 ° C .  R e s u l t s  f o r  a n t im o n y  a r e  
sh o w n  i n  F i g u r e  6 . 1 1 ( d ) .  A g a i n  a n n e a l i n g  t o  5 0 0 ° C  p r o d u c e d  a  s a t i s f a c t o r y  
d i o d e  i n  a g r e e m e n t  w i t h  p r e v i o u s  p u b l i s h e d  w o r k .  F i g u r e s  6 . 1 1 ( e )  a n d  ( f )  
s h o w  t h e  d i o d e  c h a r a c t e r i s t i c s  p r o d u c e d  b y  t h e  v e r y  h e a v y  i o n s  b is m u t h  
a n d  t h a l l i u m .  T y p e  c o n v e r s i o n  a p p e a r s  t o  o c c u r  a t  a r o u n d  5 2 0 ° C  f o r  
t h e  b i s m u t h  i m p l a n t s .
T h e  c o n c l u s i o n  t o  b e  d r a w n  i s  t h a t  i o n  b o m b a rd m e n t  o f  g e rm a n iu m  
p r o d u c e s  p - t y p e  a c t i v i t y  r e g a r d l e s s  o f  s p e c i e s  "and  t h a t  t h e  t e m p e r a t u r e  
a t  w h ic h  t y p e  c o n v e r s i o n  o c c u r s  se e m s  t o  b e  r e l a t e d  t o  t h e  i o n i c  s i z e  
o f  t h e  d o p a n t  s p e c i e s .
Q) ~  lO44 Ar+ cm2 4QkeV b) ~  lO 44" B+ cm 2 40keV
e) ~ lO*3 Bi+ cm"2 70 keV
Fig. 6.11 Characteristics of implanted diodes, 
(room temp, measurements)
H a l l  a n d  r e s i s t i v i t y  m e a s u r e m e n ts  c a n ,  i n  p r i n c i p l e ,  y i e l d  t h e
t o t a l  n u m b e r  o f  i m p l a n t e d  a to m s  w h ic h  b e co m e  e l e c t r i c a l l y  a c t i v e .  T h i s
r e s u l t  c o u l d  t h e n  b e  c o m p a r e d  w i t h  t h e  n u m b e r  o f  i m p l a n t e d  a to m s
o c c u p y in g  s u b s t i t u t i o n a l  s i t e s .  H o w e v e r ,  w i t h o u t  a  m u ch  m o re  d e t a i l e d
k n o w le d g e  o f  t h e  e l e c t r i c a l  p r o p e r t i e s  o f  h e a v i l y  d o p e d  g e rm a n iu m  a n d
a n  a c c u r a t e  m e th o d  o f  p r o f i l i n g  s u c h  a  q u a n t i t a t i v e  c o m p a r is o n  i s
e x t r e m e ly  d i f f i c u l t .  A s  e x p l a i n e d  i n  C h a p t e r  f i v e  t h e  s h e e t  v a l u e s  o f
c o n d u c t i v i t y  a n d  H a l l  m o b i l i t y  a r e  o n l y  a v e r a g e s  a n d  a  m o re  d e t a i l e d
k n o w le d g e  o f  t h e  v a r i a t i o n  o f  t h e s e  q u a n t i t i e s  w i t h  d e p t h  i s  r e q u i r e d .
I n c o m p le t e  i m p u r i t y  i o n i z a t i o n  c a n  b e  a c c o u n t e d  f o r  o v e r  t h e  l i m i t e d
r a n g e  o f  d o p a n t  c o n c e n t r a t i o n s  c o n c e r n e d  ( S e e  A p p e n d ix  A ) .  H o w e v e r ,
t h e  e f f e c t s  o f  p o ly m o r p h is m  c a n n o t  b e  p r e d i c t e d .  T h e  e f f e c t  o f
s u r f a c e  s t a t e s  o n  t h e  e l e c t r i c a l  m e a s u r e m e n ts  i s  a l s o  u n c e r t a i n .  T h e
c o r r e c t i o n  o f  r e s i s t i v i t y  m e a s u r e m e n ts  f o r  t h e  " s i z e  e f f e c t "  i s  a l s o
d i f f i c u l t .  T h e  c o r r e c t i o n s  u s e d  f o r  t h i n  m e t a l  f i l m s  a p p a r e n t l y  d o
15
n o t  g i v e  a l t o g e t h e r  s a t i s f a c t o r y  r e s u l t s  f o r  s e m i c o n d u c t o r s .
A n  e x p r e s s i o n  h a s  b e e n  d e r i v e d 1 ^ * ^  f o r  t h e  e l e c t r o n  m ean  f r e e  
p a t h  ( £ )  i n  a  s e m i c o n d u c t o r s -
6.2.2. Resistivity and Hall Effect Data
JtJj^and \ \  a r e  t h e  b u l k  m o b i l i t y  a n d  b u l k  c a r r i e r  c o n c e n t r a t i o n .
3 2 .
F o r  e x a m p le ,  a  s e m i c o n d u c t o r ■h a v i n g  a  m o b i l i t y  o f  1 0 0 0  cm / V  s e c  a n d
18 =3
a  c a r r i e r  c o n c e n t r a t i o n  o f  10  cm w o u ld  h a v e  a  m ean f r e e  p a t h  
o f  200 8 .
I t  w o u ld , t h e r e f o r e ,  seem  t h a t  f o r  r e l a t i v e l y  h i g h  d o s e ,  lo w  e n e r g y  
i m p l a n t a t i o n s  t h e  m e a s u r e d  n u m b e r  o f  c a r r i e r s  i n  t h e  i m p l a n t e d  l a y e r  
s h o u l d  b e  t r e a t e d  w i t h  c a u t i o n .  I t  i s  c e r t a i n l y  t r u e  t h a t  m o s t
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e l e c t r i c a l  m e a s u r e m e n ts  p e r f o r m e d  u p o n  i m p l a n t e d  s e m ic o n d u c t o r s  h a v e  
b e e n  q u a l i t a t i v e  o n l y .
T h e  e l e c t r i c a l  m e a s u r e m e n ts  a r e  p r e s e n t e d  i n  g r a p h i c a l  f o r m  f r o m  
F i g u r e  6 . 1 2  o n w a r d s .  T h e  r e s u l t s  f o r  in d iu m  a n d  g a l l i u m  ( p e r f o r m e d  
b y  J o n e s )  h a v e  b e e n  c o r r e c t e d  f o r  a n  a s s u m e d  g a u s s i a n  p r o f i l e .  T h e  
r e m a i n i n g  r e s u l t s  a r e  b a s e d  u p o n  s h e e t  r e s i s t i v i t y  a n d  m o b i l i t y  d a t a ,  
b e c a u s e  t h e  a s s u m p t io n  o f  a  g a u s s i a n  d i s t r i b u t i o n  a f t e r  a n n e a l i n g  i s  
r a t h e r  d u b i o u s .
anneal temperature °C
Fig. 6.12A Effective carrier conc. as a function of anneal 
temp, for 70keV Gallium, (measurements at 1 0 O PK)
Fig. 6.12B Effective carrier conc. as a function of anneal
temp, for 70keV Indium, (measurements at 100°K)
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temp. °C
(P)
temp. °c
Cb)
Fig. 6J3 Effective carrier concentration as a function 
of temperature, (at 1 0 0 °K )
a) 70keV Antimony
b) 70keV Bismuth
C H A P T E R  7
CONCLUSIONS
7 . 1  IO N  IM P L A N T A T IO N  DAM AGE
T h e  p r e s e n t  w o r k  i s  i n  a g r e e m e n t  w i t h  e a r l i e r  r e s u l t s  f o r  h e a v y  i o n  
I
d a m a g e  i n  g e rm a n iu m . Tw o d i s t i n c t  r e g im e s  o f  d i s o r d e r  a r e  a p p a r e n t  -  
n a m e ly  a n  " a m o r p h o u s "  l a y e r  p r o d u c e d  b y  h i g h  i m p l a n t a t i o n  d o s e s
•v 1 4  - 2 x( > 1 0  i o n s  o cm ) a n d  i s o l a t e d  d a m a g e  t r a c k s  o r  r e g i o n s  f o r  lo w e r
d o s e s .  T h e s e  tw o  r e g im e s  a r e  c l e a r l y  d i f f e r e n t i a t e d  b y  t h e i r
c h a r a c t e r i s t i c  i s o c h r o n a l  a n n e a l i n g  b e h a v i o u r .  T h e  a n n e a l i n g  o f  s i n g l e
"d a m a g e  t r a c k s "  o c c u r s  a s  lo w  a s  a /1 6 0 ° C ,  w h i l e  t h e  " a m o r p h o u s "  r e g i o n
r e c r y s t a l l i s e s  s h a r p l y  a t  4 / k 0 0 ° C o T h e  o u t d i f f u s i o n  o f  i m p la n t e d
7
m e r c u r y  c o i n c i d e s  e x a c t l y  w i t h  t h e  l a t t i c e  r e - o r d e r i n g i  p r o v i d i n g  c l e a r
e v i d e n c e  t h a t  t h e  r e - o r d e r i n g  p r o c e s s  i s  a n  e p i t a x i a l  r e g r o w t h  p r o c e s s
*
f r o m  t h e  u n d e r l y i n g  s u b s t r a t e .  D i s c r e p a n c i e s  b e tw e e n  t h e  m e a s u r e d  n u m b e r  
o f  d i s p l a c e d  a to m s  a n d  t h e  v a l u e s  p r e d i c t e d  b y  K i n c h i n  a n d  P e a s e  m ay  
e a s i l y  b e  e x p l a i n e d  b y  l a t t i c e  a to m s  s l i g h t l y  d i s p l a c e d  b y  s t r a i n  f i e l d s  
a n d  a l s o  t h e  a n n e a l i n g  o f  s i m p l e  d e f e c t s  d u r i n g  i m p l a n t a t i o n  a t  
r o o m  t e m p e r a t u r e 2
T h e  d o s e  r a t e  d e p e n d e n c e  o f  i m p l a n t a t i o n  d a m a g e  h a s  n o t  b e e n
s p e c i f i c a l l y  s t u d i e d  h e r e  b u t  i m p l a n t a t i o n s  o v e r  a  r a n g e  o f  d o s e  r a t e s
IX X"3 *”2  “ 1
(1 0  -1 0  i o n s o c m  . s e c  ) h a v e  n o t  r e v e a l e d  a  s i g n i f i c a n t  d o s e  r a t e
d e p e n d e n c e  e x c e p t  f o r  h i g h  d o s e  a n d  d o s e  r a t e  i m p l a n t a t i o n s  w h e re
t h e r m a l  a n n e a l i n g  o c c u r s .  S i m i l a r l y ,  n o  i n d i c a t i o n  o f  ro o m  t e m p e r a t u r e
a n n e a l i n g  o f  l a t t i c e  d a m a g e  h a s  b e e n  o b s e r v e d  o v e r  a  p e r i o d  o f
e i g h t e e n  m o n t h s .  T h i s  e v i d e n c e  c l e a r l y  i n d i c a t e s  t h e  s t a b i l i t y  o f  t h e
i m p l a n t a t i o n  d am a g e  i n  g e r m a n iu m . T h e r e  i s  s u f f i c i e n t  e v id e n c e
3
a v a i l a b l e  t o  c o n c lu d e  t h a t  t h e  d a m a g e d  r e g i o n s  s u r r o u n d i n g  e a c h  i o n
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t r a c k  a r e  h e a v i l y  d a m a g e d  c r y s t a l .  W hen  s u c h  d a m a g e  t r a c k s  a r e  c r e a t e d
r a p i d l y  e n o u g h  t o  p r e v e n t  a p p r e c i a b l e  a n n e a l i n g  o f  s i m p l e  d e f e c t s ,  t h e n
k
t h e  d a m a g e d  r e g i o n s  b e co m e  a m o r p h o u s .  E v e n  s o  t h e  e x a c t  m e c h a n is m
5
o f  t h e  c h a n g e  t o  a m o r p h i c i t y  i s  s t i l l  n o t  c o m p l e t e l y  c l e a r .  W a l l e y  
a r g u e s  c o n v i n c i n g l y  t h a t  " a m o r p h o u s "  l a y e r s  p r o d u c e d  i n  g e rm a n iu m  b y  
i o n  i m p l a n t a t i o n  a r e  i d e n t i c a l  i n  n a t u r e  t o  t h o s e  p r o d u c e d  b y  t h e  
e v a p o r a t i o n  o f  g e rm a n iu m  o n t o  c o l d  s u b s t r a t e s .  H e  a l s o  s u g g e s t s  t h a t  
a m o rp h o u s  g e rm a n iu m  i s  c h a r a c t e r i s e d  b y  t h e  r o t a t i o n . o f  t h e  b o n d s  
j o i n i n g  a d j a c e n t  t e t r a h e d r a  o f  a t o m s .  F u r t h e r  e v id e n c e ^  s u g g e s t s  t h a t  
s t a b l e  p e n t a g o n a l  r i n g s  c a n  e n s u e  f r o m  s u c h  a  b o n d  r o t a t i o n .  (A  
p e n t a g o n a l  d o d e c a h e d r o n  s t r u c t u r e  c a n  e a s i l y  b e  b u i l t  f o r  g e rm a n iu m ,  
u s i n g  ' b a l l  a n d  s p o k e "  c o n s t r u c t i o n a l  u n i t s ,  w i t h  t h e  a b s o l u t e  
m in im u m  o f  b o n d  s t r a i n . )
I t  i s  u n f o r t u n a t e  t h a t  R u t h e r f o r d  b a c k s c a t t e r i n g  o n l y  a l l o w s  a  
g r o s s  m e a s u r e m e n t  o f  l a t t i c e  d i s o r d e r .  I t  i s  a lm o s t  I m p o s s i b l e  t o  
d r a w  a n y  c o n c l u s i o n s  a b o u t  t h e  d e t a i l e d  m e c h a n is m  o f  r a d i a t i o n  d a m a g e  
a n d  i t s  s u b s e q u e n t  a n n e a l i n g ,  f r o m  s u c h  m e a s u r e m e n t s .  T h i s  e m p h a s is e s  
t h e  n e e d  t o  u s e  o t h e r  t e c h n i q u e s  t o  c o m p le m e n t  t h e  b a c k s c a t t e r i n g  d a t a ,  
s u c h  a s  e l e c t r o n  m i c r o s c o p y ,  o p t i c a l  r e f l e c t i o n  a n d  a b s o r p t i o n  a n d  
e l e c t r o n  p a r a m a g n e t i c  r e s o n a n c e .  C o n s i d e r a b l e  w o r k  o n  s i l i c o n  h a s  
b e e n  p u b l i s h e d  b u t  r e l a t i v e l y  l i t t l e  f o r  g e rm a n iu m . N e u t r o n  
i r r a d i a t i o n  d a t a  f o r  g e rm a n iu m  i s ,  h o w e v e r ,  a v a i l a b l e ? 3114 O ne
w o u ld  e x p e c t  a & lo s e  s i m i l a r i t y  b e tw e e n  n e u t r o n  a n d  i o n  i m p l a n t a t i o n  
d a m a g e  b e c a u s e  i n  b o t h  c a s e s  t h e  c h a r a c t e r i s t i c  d a m a g e  i s  c a u s e d  b y  
g e rm a n iu m  k n o c k - o n  a to m s  o f  s i m i l a r  e n e r g i e s .  A  l 6 0 ° C  a n n e a l i n g  
s t a g e  i s  s e e n  i n  n e u t r o n  i r r a d i a t e d  m a t e r i a l  ( s i m i l a r  t o  t h e  lo w  d o s e  
a n n e a l i n g  s t a g e  f o r  i m p l a n t e d  g e r m a n iu m ) .  T h e  a c t i v a t i o n  e n e r g y  
f o r  t h i s  s t a g e  h a s  b e e n  f o u n d  t o  b e  1 . 2e V  ( s i m i l a r  t o  t h a t  f o u n d  f o r  
t h e  r e - o r d e r i n g  d u r i n g  s p u t t e r i n g  b y  6 0 0 e V  a r g o n  i o n s 1 0 ) .  B y
- 94 -
a n a lo g y  w i t h  t h e  s i l i c o n  c a s e  V o o k  a n d  S t e i n  h a v e  p r o p o s e d  t h a t  d i v a c a n c y
m o t io n  i s  r e s p o n s i b l e  f o r  t h e  l 6 0 ° C  a n n e a l i n g  s t a g e .
7 . 2  B E H A V IO U R  O F  IM P L A N T E D  IO N S
M a n y  p a r a m e t e r s  d e c i d e  t h e  f i n a l  p o s i t i o n  o f  im p l a n t e d  i o n s  w i t h i n
t h e  r e - o r d e r e d  u n i t  c e l l .  C h i e f  am ong  t h e s e  a r e  t h e  i o n i c  r a d i u s  a n d
b o n d  c o n f i g u r a t i o n  o f  t h e  i m p u r i t y ,  t h e  p r e - e x i s t i n g  i m p u r i t i e s  w i t h i n
t h e  c r y s t a l  a n d  p e r h a p s  t h e  c h a r g e  s t a t e  o f  t h e  im p l a n t e d  i o n .
T h e  o b s e r v a t i o n  o f  a  l a r g e  s u b s t i t u t i o n a l  c o m p o n e n t  f o r  t h e  lo w
d o s e  t h a l l i u m  a n d  b is m u t h  i m p l a n t s  b e f o r e  a n n e a l i n g  ( s i m i l a r  t o  r e s u l t s
i n  s i l i c o n  -  r e f e r e n c e  1 1 ) i m p l i e s  t h a t  t h e  f i n a l  p o s i t i o n  o f  t h e  i o n s
i s  s u r r o u n d e d  b y  g o o d  c r y s t a l l i n e  m a t e r i a l .  R a d i a t i o n  e n h a n c e d  d i f f u s i o n
o f  t h e  i m p la n t e d  a to m  f r o m  t h e  e n d  o f  i t s  d am a g e  t r a c k  t o  t h e  n e a r l y
c r y s t a l l i n e  r e g i o n  i s  c e r t a i n l y  p o s s i b l e  e s p e c i a l l y  a s  t h e  m ean  r a n g e
o f  t h e  im p l a n t e d  i o n  i s  k n o w n  t o  b e  g r e a t e r  t h a n  t h e  m ean  d a m a g e  r a n g e .
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H o w e v e r ,  A n d e r s o n  h a s  sh o w n  t h e o r e t i c a l l y  t h a t  i m p l a n t e d  i o n s  m ay b e
I n t r o d u c e d  d i r e c t l y  u p o n  l a t t i c e  s i t e s  b y  a  r e p la c e m e n t  c o l l i s i o n .  T h e
t h e o r y  d e p e n d s  u p o n  g o o d  s u r r o u n d i n g  c r y s t a l l i n e  m a t e r i a l  b u t  t h i s  i s
n o t  u n r e a s o n a b le  f o r  v e r y  lo w  d o s e s .  F o r  t h e  c a s e  o f  b i s m u t h  a n d
t h a l l i u m  i n  g e rm a n iu m  t h e  p r o b a b i l i t y  o f  a  r e p la c e m e n t  c o l l i s i o n  c a n
b e  v e r y  h i g h  d e p e n d in g  u p o n  t h e  c h o i c e  o f  i n t e r a t o m i c  p o t e n t i a l .
F o r  h i g h  a n n e a l i n g  t e m p e r a t u r e s  t h e  i m p la n t e d  i m p u r i t y  p r o f i l e  c a n  b e
a l t e r e d  b y  t h e r m a l  d i f f u s i o n .  T h i s  r e - d i s t r i b u t i o n  m ay b e  c a l c u l a t e d
u s i n g  t h e  n o r m a l  d i f f u s i o n  e q u a t i o n s  f o r  a  l i m i t e d  s o u r c e  i f  t h e
d i f f u s i o n  c o e f f i c i e n t  D  i s  k n o w n . F o r  a c c u r a t e  r e s u l t s  t h e  p r o b le m
1 3
m ay b e  l i k e n e d  t o  t h e  c a s e  o f  a  d o u b le  t h e r m a l  d i f f u s i o n .  B e c a u s e  
o f  t h e  r a d i a t i o n  d a m a g e  p r e s e n t  t h e  v a l u e s  o f  D  g i v e n  i n  t h e  l i t e r a t u r e  
a r e  l i k e l y  t o .  b e  h i g h l y  i n a c c u r a t e .  T h i s  i s  b o r n  o u t  b y  t h e  c r u d e  
m e a s u r e m e n ts  m ade i n  t h e  p r e s e n t  w o r k ,  s h o w in g  a  d e f i n i t e  m ove m e n t
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o f  i m p l a n t e d  i o n s  t o  t h e  s u r f a c e  a t  r e l a t i v e l y  lo w  t e m p e r a t u r e s .  T h e
7
r e s u l t s  o f  J o h a n s s o n  e t  a l 1 sh ow  e v e n  m o re  c l e a r l y  t h i s  m o v e m e n t t o  t h e  
s u r f a c e  e n d in g  i n  t h e  l o s s  o f  a  l a r g e  f r a c t i o n  o f  t h e  im p l a n t e d  i o n s .  
B e t t e r  f u r n a c i n g  a r r a n g e m e n t s  i n  t h e  p r e s e n t  w o r k  w o u ld  p r o b a b l y  h a v e  
g i v e n  s i m i l a r  r e s u l t s .  G r o u p  I I I  a n d  V  e le m e n t s  d i f f u s e  i n  g e rm a n iu m
•a I
b y  e i t h e r  a  v a c a n c y  m e c h a n is m  o r  b y  a n  i n t e r s t i t i a l c y  m e c h a n is m .' T h e
c h o i c e  b e tw e e n  t h e s e  tw o  m e c h a n is m s  i s  a s  y e t  u n r e s o l v e d .
E i t h e r  m e c h a n is m  c o u l d  b e  r e s p o n s i b l e  f o r  t h e  o b s e r v e d  e n h a n c e d
d i f f u s i o n  i n  w e l l  a n n e a le d  i m p l a n t e d  g e rm a n iu m  b e c a u s e  o f  t h e  r e m a i n i n g
" r e s i d u a l  d a m a g e " .  A n  e x t r e m e ly  i n t e r e s t i n g  m o d e l t o  e x p l a i n  a n o m a lo u s
d i f f u s i o n  r e s u l t s  f o r  h i g h  c o n c e n t r a t i o n s  o f  a r s e n i c  i n  s i l i c o n  h a s  b e e n  
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d e v e lo p e d  b y  H u .  A  c l u s t e r  o f  f o u r  a r s e n i c  a to m s  i s  e n v i s a g e d  f o r m in g  
a  t e t r a h e d r o n  w i t h  a  n o r m a l  i n t e r s t i t i a l  s i t e  a s  i t s  c e n t r e  ( F i g u r e  7 . 1 ) .  
T h e  f o r m a t i o n  o f  tw o  A s - A s  c o v a l e n t  b o n d s  m a k e s  t h e  c o m p le x  e l e c t r i c a l l y  
i n a c t i v e .  S u c h  a  t e t r a t o m i c  c o m p le x  c o u l d  w e l l  b e  o n e  o f  t h e  c a u s e s  o f  
" p o l y t r o p y "  n o t e d  i n  C h a p t e r  3 °  T h e  a r s e n i c  a to m s  w o u ld ,  o f  c o u r s e ,  
a p p e a r  t o  b e  n o r m a l  s u b s t i t u t i o n a l  a to m s  i n  a to m  s i t e  l o c a t i o n  
e x p e r i m e n t s .  D i f f u s i o n  w o r k  b y  K o o i  i n d i c a t e s  t h a t  p h o s p h o r  u s  p r e ­
c i p i t a t e s  - in  s i l i c o n  a s  S i P  a t  h i g h  p h o s p h o r  u s  c o n c e n t r a t i o n ,  t h u s  
a c c o u n t i n g  f o r  t h e  p o l y t r o p y  o b s e r v e d  b y  T a n n e n b a u m . K o o i  n o t e d  t h a t  
t h e  m a j o r i t y  o f  t h e  p r e c i p i t a t i o n  o c c u r r e d  a t  t h e  s i l i c o n / s i l i c o n  o x i d e  
i n t e r f a c e .  T h i s  i s  so m e w h a t a n a lo g o u s  t o  t h e  m o v e m e n t o f  i m p l a n t e d  
B i ,  S b  a n d  I n  t o w a r d s  t h e  s u r f a c e  a t  t e m p e r a t u r e s  a p p r o a c h in g  7 0 0 ° C .
A to m  s i t e  l o c a t i o n  m e a s u r e m e n ts  c e r t a i n l y  i n d i c a t e  a  m o v e m e n t o f  
i m p l a n t e d  a to m s  t o  n o n - r e g u l a r  s i t e s  a t  t h e s e  t e m p e r a t u r e s .  I t  i s  
e x p e c t e d  t h a t  h i g h  i m p u r i t y  c o n c e n t r a t i o n s  o f  d o p a n t s ,  h a v i n g  a
l a r g e  m is m a t c h  i n  s i z e  w i t h  t h e  l a t t i c e  a t o m s ,  w i l l  c r e a t e  a
17
m a c r o s c o p i c  s t r a i n  f i e l d  i n  t h e  l a t t i c e . 1 T h e  m a c r o s c o p i c  l a t t i c e
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Fig. 7A Tetratomic Arsenic complex in Silicon
shaded atoms:Arsenic open atoms: Silicon
s t r a i n  can be r e l i e v e d  by th e  g e n e ra t io n  o f  d i s l o c a t i o n s .  Such 
d i s lo c a t io n s  and th e  d i s lo c a t io n s  rem a in in g  a f t e r  th e  a n n e a lin g  o f  
r a d i a t i o n  damage a re  e x c e l le n t  n u c le a t io n  s i t e s  f o r t th e  p r e c i p i t a t i o n  
o f  im p u r i t i e s .  The k i n e t i c s  o f  im p u r ity  m ig ra tio n  t o  d i s lo c a t io n s  in
19germanium h as  been  covered  by a  rev iew  a r t i c l e  by B u llough  and Newman.
P erhaps one o f  th e  most s t a r t l i n g  r e s u l t s  i s  th e  e x is te n c e  o f  a
h ig h  s u b s t i t u t i o n a l  f r a c t i o n  o f  im p lan ted  io n s  fo llo w in g  a n n e a lin g  a t
500°C. The Group I I I  and V e lem en ts  form  s u b s t i t u t i o n a l  s o l i d
o PO PIs o lu t io n s  w ith  germanium. T h e ir  s o l u b i l i t i e s  a t  800 C b e in g :
18
Sb 1 .5 X 1 0 19
3
atom s 0 cm
B i < 2 X lO1*7
3
a tom s. cm
I n 4 X 10 18
3
a to m s. cm
Tl < 2 X 1017
3
a to m s. cm
From th e  work o f  Trumbore one would e x p e c t th e  s o l u b i l i t i e s  to  be l e s s
a t  500°C and y e t  th e  r e s u l t s  shown in  F ig u re  6 .7  i n d ic a te  t h a t
20c o n c e n tra t io n s  o f /v 2  x  10 can be a c h ie v e d  by im p la n ta t io n .  In  th e
ca se  o f  th a l l iu m  and b ism u th  t h i s  r e p r e s e n t s  a  c o n c e n tra t io n  th r e e
o rd e r s  o f  m agnitude l a r g e r  th a n  e x p e c te d . I t  i s  t r u e  t h a t  th e
s u b s t i t u t i o n a l  f r a c t i o n  d im in ish e s  w ith  in c r e a s in g  te m p e ra tu re  (w ith
th e  e x c e p tio n  o f  th a l l iu m )  and th e  d is p la c e d  atom s occupy n o n - re g u la r
p o s i t i o n s ,  b u t even a t  th e s e  h ig h e r  te m p e ra tu re s  th e  s o l u b i l i t y  i s
s t i l l  exceeded . Such an a p p a re n t anomaly co u ld  p o s s ib ly  be e x p la in e d
by rem em bering t h a t  im p la n ta tio n  i s  e s s e n t i a l l y  a  n o n -e q u il ib r iu m
p ro c e s s .  I t  i s  p o s s ib le  t h a t  p ro lo n g ed ' iso th e rm a l a n n e a lin g  would
le a d  to  s o l u b i l i t y  l e v e l s  more n e a r ly  i n  agreem ent w ith  th o s e  q u o ted  above.
Some o f  th e  rem a in in g  f a c t o r s  w hich d e te rm in e  th e  p o s i t io n  o f
th e  im p lan te d  atom s w i l l  now be c o n s id e re d .
22A W atkins ty p e  re p la ce m e n t r e a c t io n  has  been s u g g e s te d , whereby
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a  s u b s t i t u t i o n a l  g r o u p  I I I  a to m  i s  r e p l a c e d  b y  a  l a t t i c e  i n t e r s t i t i a l  
23
a t o m , D a v i e s  h a s  o b s e r v e d  s u c h  a  r e a c t i o n  d u r i n g  c h a n n e l l i n g
m e a s u r e m e n ts  u p o n  b o r o n  d i f f u s e d  s i l i c o n .  S u c h  a  m e c h a n is m  c o u l d  a l s o
a c c o u n t  f o r  t h e  m o t io n  o f  t h a l l i u m  f r o m  s u b s t i t u t i o n a l  t o  i n t e r s t i t i a l
o
s i t e s  i n  s i l i c o n  u n d e r  c a r b o n  b o m b a rd m e n t  a t  3 0 0  C „  S i m i l a r
i n t e r s t i t i a l  c o m p o n e n ts  a r e  o b s e r v e d  I n  h o t  t h a l l i u m  i m p l a n t s  i n  g e r m a n iu m ,
A m a j o r  d i f f e r e n c e  b e tw e e n  a n n e a le d  g r o u p  I I I  a n d  V  i m p l a n t a t i o n s
i n  g e rm a n iu m  i s  t h a t  t h e  f o r m e r  a to m s  a r e  a c c e p t o r s  a n d  t h e  l a t t e r  d o n o r s
w h e r e a s  w h e n  I n t e r s t i t i a l l y  l o c a t e d  b o t h ,  p r e s u m a b ly ,  b e h a v e  a s  d o n o r s .
I n  a d d i t i o n ,  t h e  c h a r g e  s t a t e s  o f  s i m p l e  d e f e c t s  s u c h  a s  v a c a n c i e s  a r e
22
l i k e l y  t o  d e p e n d  o n  w h e t h e r  t h e  im p l a n t e d  r e g i o n  i s  n  o r  p  t y p e .  
C o n s e q u e n t l y ,  e f f e c t s  o f  t h i s  t y p e  m ay b e  o f  I m p o r t a n c e  i n  som e o f  t h e  
i m p l a n t a t i o n  r e a c t i o n s .  F o r  e x a m p le ,  h o t  t h a l l i u m  i m p l a n t s  i n  
g e rm a n iu m  c o n t a i n  e q u a l  n u m b e rs  o f  s u b s t i t u t i o n a l  a n d  i n t e r s t i t i a l  
t h a l l i u m  a t o m s .  F u r t h e r  i m p l a n t a t i o n  o f  a  l a r g e r  d o s e  o f  g r o u p  V  
a n t im o n y  c a u s e d  a l l  o f  t h e  i n t e r s t i t i a l  t h a l l i u m  a to m s  t o  m o ve  t o  
s u b s t i t u t i o n a l  p o s i t i o n s .  ( N . B ,  I m p l a n t a t i o n  o f  i n d iu m  h a d  n o  e f f e c t . )
W h i le  t h e  a t o m - s i t e  l o c a t i o n  r e s u l t s  f o r  I n ,  S b  a n d  B i  m ay b e  
u n d e r s t o o d  i n  a  q u a l i t a t i v e  f a s h i o n  t h e  b e h a v i o u r  o f  T 1  c e r t a i n l y  
a p p e a r s  t o  b e  a n o m a lo u s .  T h a l l i u m  p o s s e s s e s  t h e  l a r g e s t  i o n i c  r a d i u s  
o f  t h e  s p e c i e s  s t u d i e d  a n d  i t  w a s  a t  f i r s t  t h o u g h t  p o s s i b l e  t h a t  t h i s  
i n h i b i t e d  t h e  m o v e m e n t o f  t h e  i o n  t o  n o n - r e g u l a r  s i t e s .  I n  v ie w  
o f  t h e  l o s s  o f  im p l a n t e d  d o p a n t s  o b s e r v e d  b y  J o h a n s s o n  e t  a l  f o r  
g e rm a n iu m  t h i s  e x p l a n a t i o n  s e e m s  u n l i k e l y .  T h e  p r e s e n t  r e s u l t s  sh ow  
n o  d e t e c t a b l e  m o v e m e n t o f  t h a l l i u m  i o n s  t o  t h e  s u r f a c e  -  i n  m a r k e d  
c o n t r a s t  t o  t h e  b e h a v i o u r  o b s e r v e d  b y  J o h a n s s o n .  I n  v ie w  o f  t h e  
r e l a t i v e l y  h i g h  d i f f u s i v i t y  o f  t h a l l i u m  i n  g e rm a n iu m  i t  w o u ld  a p p e a r  
t h a t  t h e  p r e s e n t  r e s u l t s  a r e  a n o m a lo u s .  I t  i s  p o s s i b l e  t h a t  som e
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n o n - e l e c t r i c a l l y  a c t i v e  s u b s t r a t e  i m p u r i t y  ( e . g .  o x y g e n )  i s  r e s p o n s i b l e  
f o r  t h e  o b s e r v e d  r e s u l t s  b y  f o r m i n g  som e m ore  c o m p le x  d e f e c t  w i t h  t h e  
s u b s t i t u t i o n a l  t h a l l i u m .
7 . 3  E L E C T R I C A L  R E S U L T S
A f t e r  b o m b a rd m e n t  a l l  s p e c im e n s  e x h i b i t e d  p - t y p e  b e h a v i o u r ,  w h e t h e r
t h e  o r i g i n a l  s p e c im e n  w a s p  o r  n  t y p e .  T h i s  i s  i n  a g r e e m e n t  w i t h  t h e
2 5  2 6  2 7
e a r l i e r  w o r k  o f  C u s s i n s ,  P r im a k  a n d  Y  D a y a l  a n d  A l t o n ,  a n d  L o w e . '
T h e  r e s u l t s  p r e s e n t e d  i n  F i g u r e  6 . 1 2  f o r  p - t y p e  d o p a n t s  i n d i c a t e  t h a t
a s  t h e  a n n e a l i n g  p r o g r e s s e s  t h e  im p l a n t e d  l a y e r  b e g in s  t o  e x h i b i t
c h a r a c t e r i s t i c s  d u e  t o  t h e  e l e c t r i c a l l y  a c t i v e  d o p a n t s  u n t i l  t h e  l a y e r
i s  s t r o n g l y  p - t y p e  i n  t h e  r e g i o n  b e tw e e n  4 0 0 ° C  a n d  5 0 0 ° C .  F i g u r e  6 . 1 3
i l l u s t r a t e s  t h e  e f f e c t i v e  c a r r i e r  c o n c e n t r a t i o n  ( i . e .  a v e r a g e  c a r r i e r
c o n c e n t r a t i o n )  a s  a  f u n c t i o n  o f  a n n e a l  t e m p e r a t u r e  f o r  t h e  n - t y p e
d o p a n t s .  I n  t h i s  c a s e  m e a n in g f u l  m e a s u r e m e n ts  w e r e  o n l y  p o s s i b l e  a f t e r
t y p e  c o n v e r s i o n  o f  t h e  l a y e r  h a d  o c c u r r e d .  I t  s h o u ld  b e  n o t e d  t h a t
t h e  e f f e c t i v e  c a r r i e r  c o n c e n t r a t i o n  i n c r e a s e s  w i t h  d o s e  a s  m ig h t  b e  e x p e c t e d .
T h e  e f f e c t i v e  c a r r i e r  c o n c e n t r a t i o n  d e p e n d s  u p o n  t h e  d e p t h  o f  t h e  
i m p l a n t e d  l a y e r  o r  m o re  a c c u r a t e l y  o n  t h e  d e p t h  o f  t h e  j u n c t i o n .  T h e  
d e p t h  a t  w h ic h  t h e  c o n c e n t r a t i o n  o f  i m p la n t e d  i o n s  e q u a l s  t h e  d o p in g  
c o n c e n t r a t i o n  o f  t h e  g e rm a n iu m  d e p e n d s  u p o n  th e  im p l a n t e d  d o s e ,  t h e  
I m p l a n t a t i o n  p r o f i l e  a n d  t h e  d o p in g  c o n c e n t r a t i o n  o f  t h e  s u b s t r a t e .
D i f f u s i o n  e f f e c t s  ( e i t h e r  in w a r d s  o r  t o w a r d s  t h e  s u r f a c e )  a n d  a n y
s m a l l  c h a n n e l l e d  f r a c t i o n  o f  t h e  i m p l a n t e d  d o s e  m ay a l t e r  t h e  d e p t h
o f  t h e  j u n c t i o n  c o n s i d e r a b l y .  B e c a u s e  o f  t h e  f a i l u r e  o f  t h e  p r o f i l i n g
m e a s u r e m e n t s * t h e  j u n c t i o n  d e p t h  w as a s s u m e d  t o  l i e  a t  a  d e p t h  e q u a l
t o  t h e  m ean p r o j e c t e d  r a n g e  p l u s  o n e  s t a n d a r d  d e v i a t i o n ,  a f t e r  t h e
w o r k  o f  J o n e s .  S u c h  a  p r o c e d u r e  i s  m o s t  u n s a t i s f a c t o r y  a n d  e m p h a s is e s
the need for an e ffec tiv e  p ro filin g  technique for low energy im plantations.
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s u b s t i t u t i o n a l  f r a c t i o n  o f  t h e  im p la n t e d ,  i o n s  a s  a  f u n c t i o n  o f
t e m p e r a t u r e  i s  n o t  p a r t i c u l a r l y  g o o d .  U n f o r t u n a t e l y ,  t h e  t e m p e r a t u r e
r e g i o n  w h e re  t h e  s u b s t i t u t i o n a l  a to m s  m ove t o  n o n - r e g u l a r  s i t e s  w as
i n a c c e s s i b l e  t o  e l e c t r i c a l  m e a s u r e m e n ts  b e c a u s e  o f  d i f f i c u l t i e s  w i t h
h i g h  r e s i s t a n c e  n o n ^ o h m ic  c o n t a c t s .  T h e  d e c r e a s e  i n  e f f e c t i v e  c a r r i e r
c o n c e n t r a t i o n  a b o v e  4 5 0 ° C  s e e n  f o r  som e i m p l a n t a t i o n s  m ay b e  d u e  t o
s u r f a c e  s t a t e s .  Som e e v i d e n c e  f o r  a  s u r f a c e  i n v e r s i o n  l a y e r  w as
o b t a i n e d  b y  J o n e s  f o r  h i g h  d o s e  ( l O ^ - l O 18 i o n s . c m  2 ) a r g o n  i m p l a n t s
a n n e a le d  t o  5 0 0 ° C .  I n  t h e  p r e s e n t  s e r i e s  o f  m e a s u r e m e n ts  r a p i d
c u r r e n t  r e v e r s a l  s o m e t im e s  p r o d u c e d  a  c h a n g e  i n  t h e  v a l u e  o f  t h e
a p p l i e d  v o l t a g e *  t h e  v o l t a g e  r e t u r n i n g  t o  i t s  o r i g i n a l  v a l u e  o v e r  t h e
p e r i o d  o f  a  fe w  s e c o n d s .  S u c h  o b s e r v a t i o n s  a r e  i n d i c a t i v e  o f  t r a p p i n g
28
c e n t r e s  w h ic h  m ay b e  a s s o c i a t e d  w i t h  s u r f a c e  s t a t e s .
J o n e s  h a s  e x p r e s s e d  t h e  e f f e c t i v e  c a r r i e r  c o n c e n t r a t i o n s  f o r
g a l l i u m  a n d  in d iu m  i m p l a n t s  i n  t e r m s  o f  a  " u t i l i z a t i o n  f a c t o r " ,  i . e .
t h e  r a t i o  o f  m e a s u r e d  c a r r i e r s  t o  t h e  m e a s u r e d  i m p l a n t e d  d o s e .  I n
v ie w  o f  t h e  m an y u n c e r t a i n t i e s  i n  t h e  e l e c t r i c a l  m e a s u r e m e n ts  t h e
u s e f u l n e s s  o f  s u c h  a n  a p p r o a c h  i s  d o u b t f u l .
M o r e  r e c e n t  w o r k  o n  g e rm a n iu m  i m p la n t e d  w i t h  B ,  G a ,  P  a n d  A s  i n
a n  a l i g n e d  ( c h a n n e l l e d )  d i r e c t i o n  f o r  e n e r g i e s  b e tw e e n  k  a n d  fOkeV
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h a v e  b e e n  r e p o r t e d  b y  H e r z e r  a n d  K a l b i t z e r .  T h e y  h a v e  s u c c e s s f u l l y  
a p p l i e d  a  s t r i p p i n g  t e c h n i q u e  b a s e d  u p o n  d i s s o l u t i o n  u s i n g  n i t r i c  a c i d .  
H o w e v e r ,  t h e  c h a n n e l l e d  r a n g e s  o f  t h e  i o n s  i n  q u e s t i o n  a r e  f a r  i n  
e x c e s s  o f  t h e  d e p t h s  c o n s i d e r e d  i n  t h e  p r e s e n t  w o r k .  E v e n  s o ,  som e  
d i f f e r e n c e s  i n  e t c h i n g  r a t e s  w e r e  o b s e r v e d  b e tw e e n  i m p l a n t e d  a n d  
n o n - i m p l a n t e d  m a t e r i a l .  T h e  g e n e r a l  f o r m  o f  t h e i r  r e s u l t s  i s  q u i t e  
s i m i l a r  t o  t h o s e  o b t a i n e d  i n  t h e  p r e s e n t  w o r k .  L a r g e  d e c r e a s e s  a r e
The correlation of effective carrier concentration with the
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o b s e r v e d  i n  s h e e t  r e s i s t i v i t y  a t  >x/ k O O °C  f o r  t h e  g a l l i u m  a n d  a r s e n i c  
c a s e s .  T h i s  c h a n g e  b e g i n s  t o  o c c u r  a t  n ^ 2 0 0 ° C  f o r  p h o s p h o r  u s  w h i l e  
t h e  b o r o n  i s  l a r g e l y  e l e c t r i c a l l y  a c t i v e  i n  i t s  " a s  im p la n t e d "  f o r m .
T h i s  o b s e r v a t i o n  e x p l a i n s  t h e  e x c e l l e n t  r e s u l t s  o b t a i n e d  f o r  b o r o n  
i m p l a n t e d  c o n t a c t s  m e n t io n e d  e a r l i e r ,
7 , k  F U T U R E  WORK AND A P P L IC A T IO N S
I t  i s  q u i t e  c l e a r  t h a t  o n e  o f  t h e  m a jo r  s h o r t c o m in g s  i n  t h e  p r e s e n t
w o r k  i s  t h e  f a i l u r e  t o  o b t a i n  d e p t h  p r o f i l e s  o f  t h e  e l e c t r i c a l  a c t i v i t y .
D ue  t o  t h e  v e r y  s h a l l o w  p e n e t r a t i o n  d e p t h s  a n d  t h e  r a p i d  v a r i a t i o n  i n
t h e  h i g h  c o n c e n t r a t i o n s  o f  i m p l a n t e d  a to m s*  a n y  c h e m i c a l  t e c h n i q u e  i s
l i k e l y  t o  s u f f e r  f r o m  a  v a r y i n g  d i s s o l u t i o n  r a t e  t h r o u g h  t h e  i m p la n t e d
l a y e r .  C a p a c i t a n c e  v o l t a g e  m e a s u r e m e n ts  a r e  l i k e l y  t o  y i e l d  b e t t e r
r e s u l t s  b u t  e v e n  h e r e  i t  i s  e x t r e m e l y  d i f f i c u l t  t o  o b t a i n  a c c u r a t e
i n f o r m a t i o n  f o r  t h e  s u r f a c e  r e g i o n s  o f  t h e  i m p l a n t e d  l a y e r .  T h e
o b v i o u s  s o l u t i o n  t o  t h i s  p r o b le m  i s  t o  u s e  i m p l a n t a t i o n  e n e r g i e s
c o n s i d e r a b l y  i n  e x c e s s  o f  7 0 k e V ,  O n e  w o u ld  t h e n  h a v e  a  m u ch  s i m p l e r
t a s k  i n  p r o f i l i n g  a n d  m any o f  t h e  p r o b le m s  a s s o c i a t e d  w i t h  h i g h  d o p in g
c o n c e n t r a t i o n s ,  p r e v i o u s l y  d i s c u s s e d ,  w o u ld  b e  c o n s i d e r a b l y  e a s e d .
S u c h  i m p l a n t a t i o n s  w o u ld  y i e l d  e l e c t r i c a l  r e s u l t s  w h ic h  c o u l d  b e
d i r e c t l y  c o m p a r e d  w i t h  c o m p u t a t io n s  b a s e d  o n  a  g a u s s i a n  f u n c t i o n  f o r
3 0  3 1
d i f f u s e d  l a y e r s  I n  g e rm an ium * .
T h e  f u r n a c i n g  a r r a n g e m e n t s  i n  t h e  p r e s e n t  w o r k  h a v e  a l s o  p r o v e d  
u n s a t i s f a c t o r y .  A n y  f u t u r e  w o r k  o n  g e rm a n iu m  s h o u ld  i d e a l l y  b e  d o n e  
u s i n g  g o o d  v a c u u m  c o n d i t i o n s .
I t  h a s  b e e n  sh o w n  t h a t  l a r g e  a r e a  d io d e s  c a n  b e  m a n u f a c t u r e d  b y  
i o n  i m p l a n t a t i o n .  T h e  l e a k a g e  c u r r e n t s  o b s e r v e d  c o u l d  c e r t a i n l y  b e  
im p r o v e d  b y  s u r f a c e  t r e a t m e n t s  w i d e l y  u s e d  i n  t h e  f a b r i c a t i o n  o f  
l i t h i u m  d r i f t e d  g e rm a n iu m  d e t e c t o r s .
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S . E . R . L .  B a l d o c k  h a v e  p r o d u c e d  s e v e r a l  d e v i c e s  u s i n g  I o n  i m p l a n t e d  
g e rm a n iu m . T h e s e  i n c l u d e  h i g h  v o l t a g e  d i o d e s  a n d  b i p o l a r  t r a n s i s t o r s .
I o n  im p l a n t e d  c o n t a c t s  t o  l i t h i u m  d r i f t e d  d e t e c t o r s  h a v e  a l s o  h a d  a  g o o d
32 33
m e a s u r e  o f  s u e c e s s J  w h i l e  S i f f e r t  h a s  p r o d u c e d  a  p - n  j u n c t i o n  d e t e c t o r
b y  t h e  i m p l a n t a t i o n  o f  b o r o n  i n t o  u l t r a - h i g h  p u r i t y  g e rm a n iu m . O t h e r
a r e a s  w h e re  h e a v i l y  d o p e d  g e rm a n iu m  a l r e a d y  p l a y s  a n  im p o r t a n t  r o l e  i s
i n  t h e  p r o d u c t i o n  o f  s t r a i n  g a u g e s  a n d  t h e r m o e l e c t r i c  d e v i c e s .
I m p l a n t a t i o n  c o u l d  p o s s i b l y  b e  u s e f u l  i n  t h e i r  f u t u r e  p r o d u c t i o n .
C o n s i d e r a b l e  s c o p e  r e m a in s  f o r  w o r k  t o  b e  c a r r i e d  o u t  o n  i o n
i m p l a n t e d  g e r m a n iu m . V i r t u a l l y  n o  u n c o n v e n t i o n a l  d o p a n t s  h a v e  b e e n
i n v e s t i g a t e d  a n d  a s  c a n  b e  s e e n  m an y  u n a n s w e r e d  q u e s t i o n s  s t i l l  r e m a in
t o  b e  s o l v e d .
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A P P E N D I X  A 
INCOMPLETE DOPANT IONIZATION
A s  p r e v i o u s l y  e x p l a i n e d  ( p a g e  3 6 ) e q u a t i o n s  3 * 8  a n d  3 * 9  c a n  o n l y  
b e  s o l v e d  a n a l y t i c a l l y  w h e n  E ^  -- E p  >  3 k T  a n d  h e n c e  B o l t z m a n n ' s  
s t a t i s t i c s  m ay b e  u s e d .  I n  t h e  d e g e n e r a t e  r e g i o n  t h e  f u l l  F e r m i  
f u n c t i o n  m u s t  b e  e m p lo y e d  a n d  t h e  i n t e g r a l  c a n  o n l y  b e  e v a l u a t e d  b y  
n u m e r i c a l  m e t h o d s ,  A  c o m p u t e r  p ro g ra m m e 1 h a s  b e e n  d e v e lo p e d  t o  s o l v e  
e q u a t i o n s  3 * 8  a n d  3 * 9  f o r  a n y  v a l u e  o f  E p , T  a n d  ( s e e  F i g u r e  3 . 5 ) .
I n  o r d e r  t o  c o r r e c t  p r o p e r l y  f o r  l e v e l  o c c u p a n c y  i n  t h e  a n a l y s i s  
o f  R g  a n d c r g ( s h e e t  H a l l  c o e f f i c i e n t  a n d  c o n d u c t i v i t y  r e s p e c t i v e l y )  we  
n e e d  t o  k n o w  t h e  v a r i a t i o n  o f c a r r i e r  c o n c e n t r a t i o n  a n d  m o b i l i t y  w i t h
2
d e p t h .  E x p e r i m e n t a l l y  t h i s  c a n  b e  a c h i e v e d  b y  l a y e r  r e m o v a l  m e t h o d s .
F o r  s m a l l  p e n e t r a t i o n ,  h e a v y  i o n  i m p l a n t s  i n  g e rm a n iu m  t h e  a c c u r a c y  
o b t a in e d ,  b y  a n o d i c  s t r i p p i n g  p r o v e d  t o  b e  v e r y  p o o r .
A l t e r n a t i v e l y ,  t h e  c o r r e c t i o n  c a n  b e  m ade b y  c a l c u l a t i o n  b y  m a k in g  
t h e  f o l l o w i n g  a s s u m p t io n s
( a )  T h e  d e p t h  d i s t r i b u t i o n  o f  i m p l a n t e d  i o n s  i s  k n o w n . I t  i s  g e n e r a l l y  
a s s u m e d  t h a t  t h e  i m p l a n t e d  i o n s  f o l l o w  a  G a u s s i a n  d i s t r i b u t i o n  a s  
p r e d i c t e d  b y  L i n d h a r d ?
( b )  T h e  m o b i l i t y  a s  a  f u n c t i o n  o f  c a r r i e r  c o n c e n t r a t i o n  i s  k n o w n .
5
E x p e r i m e n t a l  e v i d e n c e ,  s u g g e s t s  t h a t  f o r  w e l l  a n n e a le d  i m p la n t e d  
m a t e r i a l  t h e  m o b i l i t y  i s  s i m i l a r  t o  t h a t  i n  b u l k  m a t e r i a l  o f  
t h e  sam e c a r r i e r  c o n c e n t r a t i o n .
U s i n g  t h e s e  a s s u m p t io n s  a  c o m p u te d  s o l u t i o n  m ay b e  o b t a i n e d  b y  a n  
i t e r a t i v e  p r o c e s s .  T h e  c a l c u l a t i o n  s t e p s  a r e  a s  f o l l o w s s -
( i )  A ss u m e  a  v a l u e  o f  N ^  ( d o n o r  c o n c e n t r a t i o n  a t  t h e  p e a k  o f
t h e  G a u s s i a n ) .
~103«
(ii) Calculate distribution of with depth, ND(x), from L.S.S. 
range and straggle data,
(iii) Use level occupancy correction to obtain n(x) from N^(x)o
(lv) Use mobility data to determine p  (x) from n(x).
(v) Calculate the sheet Hall coefficient Rg from equation 5*22,
(vi) Compare calculated and measured values of Rg and adjust NRQ 
repeating steps (ii) to (v) until the necessary degree of 
agreement is reached.
(vii) The total number of active dopant atoms is calculated from
/  Nd (* ) Jx -
The assumption of a Gaussian distribution of implanted ions after 
annealing is somewhat dubious. Also the value of ER decreases with 
increasing dopant concentration. Reference 6 gives the relationship 
between ER and NR which should be used.
Nevertheless,, in the appropriate range of dopant concentrations 
studied, the computer value of active dopant atoms was in better 
agreement with the substitutional percentage obtaihed by backscattering 
than was the simple estimate calculated from As, * 1 /  R s 6 .
Because a constant value of E^ was assumed the computer calculations 
yield too high a correction factor for level occupancy.for high 
dopant concentrations. This is because the value of ER drops to zero 
for high dopant concentrations and hence all the dopant atoms become 
fully ionized once more.
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A P P E N D I X  B 
ANODIC OXIDATION
Apart from a few early trials no systematic attempt was made to
obtain "electrical'’ impurity profiles using the technique of anodic
oxidation. This decision was taken in the light of the almost complete
failure of both Jones1 and the present author to obtain consistent
2results. To make matters worse, Large has found a difference in the 
oxidation rate for implanted and non-implanted germanium. The technique 
was found to be useful in providing some crude indication of the 
outdiffusion of implanted species and in the growth of oxide layers on 
unimplanted single crystal material. The latter oxide layers were used 
to determine the dominant scattering mechanism of light energetic 
particles in germanium.
3The anodic oxidation of silicon is a well established technique.
Germanium presents a more difficult problem because the oxide is water
14-soluble, The method of Zwerdling and Sheff, using anhydrous sodium
acetate in glacial acetic acid was adopted together with the experimental 
5technique of George.
The area to be stripped was defined by a rubber gasket. The anhydrous 
sodium acetate solution was sprayed onto the sample using a commercial 
"Shandon" electropolishing bath. A constant current source was used 
to select a predetermined current density. The oxide growth layer 
was stopped when a pre-selected change in the potential across the 
oxide film was reached. Figure 1 shows a typical voltage/time curve 
obtained. The initial step in the curve was due to the voltage drop 
across the substrate. The initial linear increase in voltage corresponds 
to the linear increase in the film thickness although a saturation 
effect occurs for very thick films.
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Fig. B \ Typical voltage/time relationship for anodic 
oxidatio n
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Fig. B2 Ge thickness removed vs voltage across 
oxide film .
The oxide film was removed with a 0.1N solution of sodium hydroxide 
and the amount of germanium removed (determined by weighing) as a 
function of the voltage drop across the oxide film is shown in Figure 2. 
The above estimate of the amount of germanium removed was relatively 
inaccurate for thin layers. This was not important because the 
outdiffusion measurements were, in themselves, very crude while the 
samples for Rutherford backscattering could be checked for the amount 
of germanium in the oxide film in an exactly analogous way to the 
method used for measuring implantation damage.
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A P P E N D I X  C 
THIN SPECIMENS,AND THE DETECTION OF LIGHT IMPURITIES
1. THIN SPECIMENS
The Initial channelling work was mainly concerned with transmission 
channelling through thin silicon specimens. Figure 01 illustrates some 
results obtained for an 10 micron thick <111> silicon sample. The 
analysing beam was '■vO.l nanoamps of 800 keV protons, incident upon the 
crystal. A surface barrier detector was placed <^ 20cms behind the crystal 
to detect the transmitted protons. The sample was systematically tilted 
using the two available degrees of freedom. If the beam were incident 
in a planar direction, then the beam was transmitted. For a random 
direction of incidence the beam was stopped within the crystal (800keV 
protons have a range of a little overjg microns in silicon). Figures Cl 
and 02 represent the transmission of protons as a function of angular 
scan. The full angular widths of-the transmitted beams were •'v 1.1° 
with a half height width of ^ 0.6°.
Figure Cft illustrat.es the transmitted energy spectra for 1.5 MeV 
protons incident along the <111> direction of the-same sample. The 
dashed spectrum was obtained with poor beam divergence ( ~ 0.5°) and 
an unmasked detector. The solid spectrum employed a beam divergence 
of ~ 0.01° and a masked detector subtending an angle of ^  0.3°« The 
channelled and random peaks can clearly be identified in both cases.
Note that the total integrated analysing doses are not necessarily 
equal, due to obvious difficulties with beam current monitoring.
Figure Ck shows the transmitted energy spectra for the <L11> 
axial direction the [lOOj plane and the random direction. The analysing 
conditions are the same as for the previous results.
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Fig. C3 1.5 MEV proton energy spectra after transmission 
through o 10 p Silicon specimen.
a )  poor beam and detector collimation
b) —  beam collimation 0 .0 1 °
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Fig. C4 1.5M EV proton spectra for lO p  Silicon  
transmission experiments.
Several thin silicon specimens were available from previous A.W.R.E,
1 2experiments * and several more were prepared by the author using the
3technique employed by Hemment, Specimens were available in the range
between 3 and 35 microns and <L11> aligned spectra were taken for
several of these specimens. Figure C5 depicts the energy at which the
channelled and random peaks occur as a function of specimen thickness
(specimen thickness' were measured by the A.W.R.E. metrology division).
The energy loss is obviously a linear function of the crystal thickness.
The slope of the lines is in fact the stopping power Sfe),where S(E)~
and N is the number density of atoms. The experimental values for the
random and <111> channelled beams were found to bes-
^ E)Rrnooa ~ 6 -8 x IQ Q..V. cm1 /& 1 W
= * 10 l S i V :  ***  /
2. DETECTION OF LIGHT IMPURITIES
The detection of light mass impurities on or near the surface of heavy 
mass substrates is fraught with difficulties, Rutherford backscattering, 
in its conventional form, is of little use for light impurities because 
the signal from the impurities is at a lower energy than the backscattering 
continuum from the substrate. The light impurity signal is thus 
usually swamped. If, however, the continuum can be removed in some 
way, then such measurements as atom-site location can be accomplished.
Figure C6 shows the backscattering (not transmission) spectrum from a 
thick aluminium target and progressively thinner aluminium foils. For 
a light surface impurity, there will occur a critical sample thickness
when the impurity peak will occur at a lower energy than the low energy
cutoff of the substrate, (Note for example the implanted nitrogen 
and the surface contaminant peaks in Figure C6>) For a backscattered 
spectrum, the mass-separation (defined in this case as the energy 
separation between the impurity peak and the lower energy cutoff of
the substrate) will be improved if the light mass impurity is
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Fig. C6. C 4.5 MEN/ proton and Helium spectra obtained 
from evaporated S ilicon  Monoxide film plus 
an evaporated Aluminium layer, (both ^*1000^ thick)
situated on the face of the substrate remote from the beam. Figure C7 
shows the backscattered spectrum of a 3 micron thick silicon specimen 
painted on the back face with H^BO^ in an alcohol solution, The light 
mass impurities can readily be seen and, in principle, atom site 
location measurements could be made on high dose annealed boron implants. 
Some difficulty was encountered in mounting the 3 micron specimen 
rigidly enough. It is possible to observe such a specimen buckling 
during channelling measurements and thus increasing the channelled 
spectra height.
The t e c h n ic a l  d i f f i c u l t i e s  en c o u n te re d  when p re p a r in g  t h i n  s in g le  
c r y s t a l s  o f  r e l a t i v e l y  la r g e  a re a  a re  such  t h a t  th e  te c h n iq u e  i s  
u n l ik e ly  t o  become w id e sp re a d . An added d isa d v a n ta g e  o f  th e  method 
i s  th e  sm a ll b a c k s c a t te r in g  c r o s s - s e c t io n  f o r  low Z e lem en ts  which 
e f f e c t i v e l y  re d u c e s  th e  s e n s i t i v i t y  o f  th e  m ethod.
Alternative methods for the detection of low mass impurities 
such as boron or lithium are based on convenient nuclear reactions, 
such as the (p,oi ) reaction^ Figure C8 shows the backscattered yield 
from a silicon crystal diffused with boron, A saturated solution of 
H^BO^ in ethyl alcohol was painted on the surface. The crystal was 
then annealed for two hours at 1050°C followed by a light etch to
remove the surface oxide film, Tb.e 3°7 MeV alpha peak is clearly seen
in the random direction but is suppressed in the <L11> and <L10> 
channelling directions, indicating that the majority of the diffused 
boron occupies substitutional positions. The boron reaction iss-
11 6  + I3   -> S 8^. + M l-U + 8 - 5 7  Mftb-
The proton energy used was 1,5 MeV,
I t  was hoped to  s tu d y  l i th iu m  by a somewhat s im i la r  r e a c t io n  w ith
s p e c ia l  em phasis on l i th iu m  d r i f t e d  germanium m a te r ia l  u sed  f o r  gamma-ray
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Fig. C.8 Backscattered 1.5MEV proton spectra for Boron 
diffused Silicon. Note the 3.7MEV Boron 
reaction  and pulse pile up.
energy (MEV)
Fi'g.C9 Backscattered 2 5M EV proton spectra for Germanium 
specimen implanted with 5x104fe 4 0 keV  Lithium ions 
cm*"2., plus 350°C  ) 10 minute anneal.
o f  l i th iu m  in  a f u l l y  compensated, d r i f t e d  germanium d e te c to r ,  s t a r t i n g
m a te r ia l  o f  v e ry  low r e s i s t i v i t y  was n eed ed . For- t h i s  re a s o n  no s e r io u s
e x p e rim e n ta l work was c a r r ie d  o u t ,  a p a r t  from th e  s tu d y  o f  a  few h ig h
l6  -2dose l i th iu m  im p la n ts  (-v 5  x  10 io n s ,c m  a t  40keV) in to  germanium. 
F o llow ing  a  350°C te n  m inu te  a n n e a l . th e  b a c k s c a t te r in g  s p e c t r a  f o r  th e  
random <L11> and <110> were ta k e n .  These r e s u l t s  c l e a r l y  in d ic a te  a 
m ain ly  i n t e r s t i t i a l  p o s i t i o n  f o r  th e  l i th iu m  atom s (F ig u re  C 9). The 
r e a c t io n  in  t h i s  c a se  i s s -
7 L i  + f> • +  *1-1* +  * H* ( Q  = -  1 7 +  N W )
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sp ectro sco p y . U n fortu n ately , to  ob ta in  a s u f f i c i e n t ly  h igh  con cen tra tion
A P P E N D I X  D 
ION RANGE AND SUBSTRATE DATA
ION RANGES
A s h o r t  t a b u la t i o n  o f  io n  ra n g e s  and s t r a g g le s  a re  g iv en  h e re  f o r  th e  
io n s  o f  i n t e r e s t  in  th e  p r e s e n t  w ork. In  ev ery  case  th e  s u b s t r a te  
m a te r ia l  i s  assumed t o  be o f f - a x i s  germanium.
S u b s t r a te  M a te r ia l  -  Germanium
S p e c ie s Energy
(keV)
Mean P ro je c te d  Range 
(m icrons.)
S tra g g le
(m icrons)
Ga 40 0.0195 0.0080
Ga 70 0 .0 3 0 8 0 .0 1 2 3
In 40 0 .0151 0 .0 0 50
In 70 0 .022 9 0 .0074
Sb 70 0 .0224 0 ,0 0 70
T l 70 0 .0 1 8 6 O.OG43
B i 70 0.0185 0 .0042
C 40 0 .0 8 2 1 0 .0483
Ar 40 0.0294 0 .0148
P 40 0.0344 0 .0 1 8 2
B 40 0 .10 0 0 0 .0 6 3 0
T h is  d a ta  h as  been ta k e n  from  th e  fo llo w in g  s o u r c e s j -
( a )  Johnson and G ibbons. P r o je c te d  Range S t a t i s t i c s  in  S em ico n d u c to rs . 
S ta n fo rd  U n iv e r s i ty  Bookshop.
(b )  U npub lished  d a ta  computed by P R C S te v e n s , A.W.R.E, A lderm aston . 
GERMANIUM SUBSTRATE DATA
A ll  m a te r ia l  u sed  in  th e  p r e s e n t  work was o b ta in e d  co m m erc ia lly .
W ithou t e x c e p tio n  th e  germanium in g o ts  were grown p a r a l l e l  t o  th e  
<111> a x i s .  The m a jo r i ty  o f  th e  germanium used  came from  th e  
fo llo w in g  in g o ts
-112-
P-Type
Ingot Nos k07l k l ^ 6858B f69.9^
Manufacturer Vielle Montagne Hoboken Sylvania
Resistivity (Jlcm) 0.53-0.50 0.k7-0,6l 30-38
Dopant Indium Gallium Gallium
Lifetime (p s) - 72-65 300
2Dislocation (cm ) - 2900-2800 1200-2000
N-Type
Ingot Nos 2kl50B 19780B V8lk63A
Manufacturer Hoboken Hoboken Hoboken
Resistivity (.A-cm) 16.0-20.8 1.85-1.55 30-38
Dopant Arsenic Arsenic Arsenic
Lifetime (ju s) 500 220 750
2Dislocations (cm ) 6000-6500 1100-1300 0
(l) Chzoralski grown
18(2) High oxygen content ** 10 cc
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